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nÉsunnÉ

Cette thèse comprend cinq articles originaux et un article synthèSe traitant de la caractérisation

hydraulique de I'héterogéneiié des aquifères granulaires. Cette_thèse reconnait I'importance des données

de caractérisation pour îe développeÀent d'ui-re bonne compréhension des processus d'écoulement et de

transport dans les aquifères. De nouveaux tests hydrauliques in situ pour caractériser en détails les

p.opiiété. hydrauliqùes des aquifères et leur corrélation non paramétrique avec - des propriétés

!eopfry.iq,r", irrair""t." sont utiliséd pour définir I'hétérogénéité hydraulique à petite échelle' Le but de

cette thèse est d'explorer le contenu en information de ces nouvelles méthodes et d'évaluer leur potentiel

pour des applications sur le terrain dans des conditions aquifères hétérogènes et anisotropes' Les tests

irydrauliquès in situ réalisés pour la région d'étude sont des adaptations du débitmètre de puits et des

essais de perméabilité à choc hydraulique couramment utilisés. Les tests avec débitmètre ont été adaptés

pour les aquifères granulaires par l'aménagement de puits par enfoncement dotés de longues crépines en

contact direct avec les sédiments, ce qui permet l'àcquisition de profils verticaux de la conductivité

hydraulique horizontale (Kr). Ce type dé p,ritr, ,urrs sabie filtrant, réduit les erreurs de mesures dues à la

dissipation hydraulique et aux couri-circuits hydrauliques associés à la présence du sable filtrant utilisé

pour les puits conventionnels, ce qui est tout inâiqué pôur ta réalisation de tests hydrauliques sur de petits

intervalles verticaux dans les uq.rif".", granulaires. Des tests d'interférence verticale à choc hydraulique

utilisant un seul puits et la tomàgraphie à ôhoc hydraulique entre puits sont aussi proposés pour définir

l,hétérogénéité de Kn,l'anisotropie de K (KJKù et l'emmagasinement spécifique (s') par l'analyse

simultanée aes perrui|ations hyârauliques transiioires générés par plusieurs tests à choc hydraulique

effectués sur de petits intervalles. De pius, une approche non paramétrique par machine d'apprentissage

de type RVM (Ràlev ance Vector Maciine) est proposée pour pÉdire K1, à partu de sondages au piézocône

(CpT) couplés avec une sonde de teneur 
"n 

èu,, ei de résistivité électrique (SMR). La machine

d,apprentissage est construite à partir de données d'entrainement colocalisées de K6 et de CPT/SMT

mises à une échelle verticale commune de 15 cm. Pour acquérir un ensemble de données d'entrainement

représentatif de l'aquifère littorale étudié, une approche dlacquisition des données est développée et

apptiquee avec des méthodes de caractérisation g3nérales précédant les méthodes plus spécifiques' Ceci

minimise le nombre de sites d'investigation toui en maximisant la signification des données directes et

indirectes acquises. Diverses expérimentations in situ montrent que les estimations des propriétés

hydraulique. àbt"nu", avec les nàuvelles méthodes sont cohérentes par rapport aux tests in situ et de

laboratoire conventionnels. En particulier, le débitmètre et I'approche hydro-géophysique sont très

efficaces pour estimer Kr,, tanâis que les tests d'interférence verticale et la tomographie à choc

hydraulique donnent aussi des estimations fiables de K-,,, mais en plus permettent d'évaluer K'lKr, et S'qui

sont des paramètres difficiles à estimer autrement. Par ailleurs, la conversion de plus de 500 m de

données CpT/SMR en estimations de propriétés hydrauliques et leur interpolation sur la région d'étude

;;;;;1tk^, révèlent les caractéristiques fondamentales de I'environnement de sédimentation littoral

avec l,inter-digitation et les variations spatiales graduelles des propriétés hydrauliques' La contribution

majeure de celte thèse est le renforcement des capacités de I'hydrogéologue à représenter de façon

détaillée l,hétérogénéité des propriétés hydrauliques à des échelles pertinentes pour l'étude de

l'écoulement et du transport dans les aquifères.

iii





ABSTRACT

This thesis comprises five original papers and one synthesis paper dealing with hydraulic characterization
ofunconsolidated aquifer heterogeneity. This thesis recognizes the importance ofcharacterization data to
develop a sound understanding of processes associated with flow and transport in granular aquifers.
Newly developed in-situ hydraulic tests designed to characterize aquifer hydraulic properties in details
and their non-parametric correlation with indirect geophysical properties are then used to define aquifer
hydraulic heterogeneities at fine scale. The aim of the thesis is to explore the information content of the
new methods, and to assess their potential for field application under real heterogeneous and anisotropic
aquifer conditions. The in-situ hydraulic tests carried out in this study are adaptations of flowmeter tests
and commonly used slug tests. Flowmeter testing provides vertical profiles of horizontal hydraulic
conductivity (Kr,) following their adaptation for granular aquifers using direct-push wells with long
screened sections in direct contact with sediments. Those wells reduce measurement bias associated with
skin effects and hydraulic short-circuits of conventional wells using sand packs, and are thus tailored for
hydraulic testing over small vertical intervals in unconsolidated aquifers. Vertical interference slug tests
in a single direct-push well and tomographic slug tests between direct-push wells are also proposed to
resolve heterogeneity in K1,, K anisotropy (or KJKn) and specific storage (&) by the simultaneous analysis
of the transient hydraulic perturbations generated by multiple slug tests performed over small intervals.
Moreover, a non-parametric learning machine approach is proposed to predict K7, from cone penetrometer
tests (CPT) coupled with a soil moisture and resistivity probe (SMR) using relevance vector machines
(RVMs). The learning machine is built from a colocated training data set of Ki, and CPT/SMR up-scaled
measurements at a common vertical resolution of 15 cm. To acquire a representative training data set of
the littoral aquifer found in the study area, a top down data acquisition process is developed and applied
using general measurements prior to specific ones to minimize the number of investigated sites while
maximizing the quality, extent and significance of the collected direct and indirect data. Field proof-of-
concept studies show that estimations of hydraulic properties from the new methods are consistent with
conventional freld and laboratory tests. In particular, flowmeter tests and a hydro-geophysical approach
can provide K7, estimates in a timely fashion, whereas vertical interference tests and tomographic slug
teàts can also provide K1, data, but also K anisotropy and ̂ S" estimates that are difficult to obtain otherwise.
Moreover, the conversion of more than 500 m of CPT/SMR data into hydraulic properties values and
their interpolation over the 12 km2 study area are consistent with the littoral depositional environment
showing inter-digitation and spatial trends in hydraulic properties. The major contribution of this thesis is
to enhance the capability of hydrogeologists to image heterogeneity in hydraulic properties in details at a
scale relevant for flow and transport studies in aquifers.

Key words (10 mots max): Groundwater, Hydraulic Conductivity Anisotropy, Heterogeneity, Direct-
Push, Flowmeter, Vertical Interference Slug Tests, Hydraulic Tomography, Learning Machine,
Unconsolidated Aquifer, Hydrogeophysics
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Penetration Tests, CPT) interprétés selon la classification proposée par Fellenius et Eslami
(2000). La section géoradar et les sondages sont montrés à la Figure S.2c. 18

Photos de l'équipement utilisé pour la réalisation des sondages CPT/SMR par
enfoncement: (a) pénétromètre (paramètres ̂S et T) eI sonde SMR (paramètres D et R); et
(b) système d'enfoncement motorisé sur chenilles (Geotech 605D). 20

Exemple de profils CPT/SMR (lignes rouge), de propriétés hydrauliques (lignes bleues) et
lithologique obtenus au puits P17. Les paramètres CPT/SMR sont la friction (S), la
résistance en pointe (D, la constante diélectrique (D) et la résistivité électrique (rR). Les
conductivités hydrauliques horizontale (Kh) et verticale (Ku) ont été obtenues
respectivement des essais de perméabilité (slug tests) au puits P77 eI des essais au
perméamètre sur des échantillons de sédiments. La porosité (n) et la granulométrie ont été
obtenues sur les mêmes échantillons de sédiments utilisés avec le perméamètre. Les
proportions de sable, silt et argile sont basées sur les courbes granulométriques et les
classes de Wentworth (1922). La localisation du puits Pl7 est montrée à la Figure S.2c. 2l



Figure S.9

Figure S.10

Figure S.1l

Figure S.12

Figure S.13

Figure S.l4

Figure S.15

Figure S.16

Figure S. l7

Photos d'une installation de puits par enfoncement: (a) tubage de PVC (blanc) inséré à
l'intérieur du tubage de métal utilisé pour l'enfoncement à travers les sédiments; (b) pointe
perdue placée à la base du tubage de métal pour éviter l'entrée des sédiments dans ce
tubage; et (c) tubage de PVC installé avant le scellement du puits en surface (le tubage est
plein dans sa partie supérieure et crépiné sur la majeure partie saturée en eau de I'aquifère).
Voir aussi Paradis et al. (2011) pour les détails de I'installation des puits par enfoncement.

23

(a) Carottes de sédiments de 1.5 m récupérées avec l'échantillonneur de sol à piston; (b)
sous-échantillons de 15 cm placés dans des perméamètres à charge variable pour mesurer
la conductivité hydraulique verticale. 24

(a) Système d'initiation pneumatique pour les tests de perméabilité (slug tests); (b) système
à doubles obturateurs avec crépine pour isoler des intervalles spécifiques dans le puits
d'observation; et (c) schéma d'un essai de perméabilité multi-niveaux. 25

(a) Photo d'un débitmètre de puits électromagnétique. Le centre du cylindre inférieur est
ouvert à sa base et permet l'écoulement vertical de I'eau. Ce cylindre contient la bobine à
induction pour la mesure du champ électromagnétique proportionnel à la vitesse
d'écoulement de I'eau (Paradis et al. 20ll). Le cylindre supérieur contient le système
d'acquisition. (b) Schéma d'un essai avec débitmètre de puits. Le débitmètre est déplacé
par paliers successifs pour l'obtention de la courbe cumulative du débit pompé dans le
puits dans I'aquifere présenté en (c). 26

Comparaison des mesures de conductivité hydraulique horizontale (Kft) obtenues avec le
débitmètre et les essais de perméabilité (slug tests) multi-niveaux pour cinq puits à une
résolution verticale de 15 cm. La différence dans les valeurs de logKh obtenue par les deux
méthodes est montrée par rapport à la moyenne des deux types de mesures à chacun des
intervalles. Les intervalles de confiance de 95oÂ (moyenne+l.96 écart-type) montrés
supposent une distribution normale des différences. 27

(a) Schéma d'un essai d'interférence vertical à choc hydraulique. (b) Réponses
hydrauliques types pour l'intervalle émetteur et l'intervalle d'observation (noter les
échelles différentes pour ces deux intervalles). 29

Profils verticaux mesurés de Kh (essais de perméabilité multi-niveaux) et de Kv
(perméamètre) comparés aux profils prédit par l'inversion numérique de plusieurs essais
d'interférence vertical à choc hydraulique. 30

Schéma d'un essai de tomographie à choc hydraulique entre deux puits. Les réponses
hydrauliques à I'intervalle émetteur et dans les intervalles d'observations sont similaires
aux courbes de laFigure S.l4b. 3l

Sensibilités normalisées de la charge hydraulique par rapport aux propriétés hydrauliques
pour un intervalle d'observation dans un aquifère homogène et anisotrope suite à une
perturbation hydraulique produite dans un intervalle émetteur. La configuration
expérimentale est similaire à la Figure 5.16 avec une distance entre le puits émetteur et
d'observation d'approximativement 8 m. Les indices 7 et 2 réfèrent respectivement aux
paramètres à l'intérieur et à l'extérieur de la région d'investigation comprise entre les puits
émetteur et d'observatron.
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Figure S.l8 Eléments de la diagonale de la matrice de résolution associés avec une analyse transitoire
des réponses hydrauliques pour les intervalles émetteurs et d'observations de 13 essais de
perméabilité (slug tests). L'analyse est basée sur la troncation d'une décomposition en
valeurs singulières avec une erreur relative dans l'estimation des paramètres de l%. Le
niveau de bruit utilisé est de 1x10-5 m et correspond au niveau calculé avec
l'instrumentation utilisée sur le terrain. J J

Figure S.l9 Tomogrammes des paramètres hydrauliques résultant de I'inversion de tomographique
t2kl7 : (a) conductivité hydraulique horizontale (Kh); (b) anisotropie de la conductivité
hydraulique (KvlKh); et (c) emmagasinement spécifique (Ss). Cette figure montre aussi les
profils des propriétés hydrauliques prédit par l'inversion pour les puits P2l et Pl7 ainsi que
les profils de Kh etKv obtenus respectivement des essais de perméabilité (slug tests) multi-
niveaux et des tests avec perméamètre sur des échantillons de sédiments. 34

Figure S.20 Processus général d'intégration des données pour la définition de l'hétérogénéité des
propriétés hydrauliques, tel qu'appliqué au site de St-Lambert. Les données CPT/SMR
sans mesures de Kh sont utilisées pour la prédiction de Kh ou pour vérifier la précision des
relations définies en utilisant une fraction (20%) des données d'entrainement. Les
acronymes sont : ̂ S pour friction, Z pour résistance en pointe, D pour constante diélectrique,
R pour résistivité électrique, Kh potr conductivité hydraulique horizontale Kv pour
conductivité hydraulique verticale, /r pour porosité, HF pour hydrofaciès et RVM pour
Relevant Vector Machine. Abréviations: class. (classification), rég. (régression), interp.
(interpolation). J I

Figure S.21 Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale
(Kh) et les paramètres CPT/SMR (S: friction; T'. résistance en pointe; D: constante
diélectrique; R: résistivité électrique) pour les données d'entrainement. Le nombre
d'intervalles co-localisés est de 280 (80% des données sont utilisées pour I'entrainement de
la machine d'apprentissage et20oÂ pour sa vérification; voir Figure S.20). 39

Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale
(Kh), la conductivité hydraulique verticale (Kv) et la porosité totale (n) pour les données
d'entrainement. Le nombre d'intervalles co-localisés est de 59 pour Kh et Kv, et de 43 pour
n. 40

Erreur de classification liée à la non-unicité des réponses hydrauliques et CPT/SMR pour
différentes combinaisons de paramètres géophysiques et un nombre d'hydrofaciès de
quatre. La flèche rouge indique que la combinaison de paramètres géophysique TDR a été

Figure S.22

Figure S.23

retenue. 4 1

Figure S.24 Distributions des données pour chacun des quatre hydrofaciès résultant de la classification
non supervisée (clustering) avec la combinaison de paramètres CPT/SMR donnant le
meilleur potentiel prédictif (a-d). Cette classification utilise la résistance en pointe (D,la
constante diélectrique (D) et la résistivité électrique (R) avec la conductivité hydraulique
horizontale (Kh). Les distributions pour la conductivité hydraulique verticale (r(v) et la
porosité (zl) pour chacun des hydrofaciès sont le résultat d'une intégration a posteriori avec
les données CPT/SMR (e-f). Les types de sédiments pour chacun des hydrofaciès sont
basés sur les analyses granulométriques (g). La classification des sédiments suit la charte
de Wentworth (1922): l'échelle phi est basée sur le logarithme en base 2 avec l'exposant
négatif de la granulométrie en mm et la moyenne granulométrique des sédiments (Mz)
évaluée à partir de (phil4+phi50+phi84)/3 d'après Krumbein et Sloss (1963). Une valeur
de Mz faible correspond à des sédiments grossiers.
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Figure S.25 (a) Matrice de confusion comparant, avec un ensemble de 56 données de vérification, la
classification des hydrofaciès obtenue par la machine d'apprentissage (RVM) avec la
classification originale effectuée par classification non supervisée (clustering). Les
éléments de la diagonale indiquent les observations avec des classifications identiques pour
les deux méthodes (HFl 10/14, 7l%; }lF2 617, 860Â; HF3 16/18, 89%; }lF4 16117, 94%io;
dans l'ensemble 48156, 86%). Les éléments hors de la diagonale correspondent aux
observations mal classifiées par la classification RVM. (b) Comparaison de la conductivité
hydraulique horizontale (Kft) mesurée par les essais à choc hydraulique multi-niveaux avec
les estimations provenant de la régression RVM. Le même ensemble de données est utilisé
pour (a) et (b). 45

Figure 5.26 Distributions spatiales (a) des hydrofaciès (HF); (b) de la conductivité hydraulique
horizontale (Kh); (c) de la conductivité hydraulique verticale (Kv); et de la porosité (n)
pour la section géoradar A-A' (localisation à la Figure S.4) selon sur I'interpolation de la
reconnaissance des hydrofaciès et I'estimation des propriétés hydrauliques basée sur les
profils CPT/SMR en utilisant I'approche de la Figure S.20. L'intensité des couleurs pour
(a) est proportionnel à la médiane de Kh pour chacun des HF de la Figure S.24. 47

Temps total pour acquérir 500 m de mesures de conductivité hydraulique horizontale (Kft)
à l'échelle de 15 cm pour trois méthodes hydrauliques conventionnelles (débitmètre, essais
de perméabilité et perméamètre de laboratoire) et l'approche hydro-géophysique basée sur
I'estimation de Kh à partir des données CPT/SMR. Les détails des estimations de temps
sont présentés au Tableau S.4. 50

(a) Location of the St-Lambert study area. The boundary of the study area colresponds to
the sub-watershed surrounding the St-Lambert sanitary landfill. Only the locations of the
wells used in this study are shown (P01, P03, Pl0, Pl6 and Pl7). (b) Location of well P17
and nearby observation wells that were used for multi-well pumping and interference
tests. 76

Hydrostratigraphy of the St-Lambert site as illustrated by the well P17 cone penetration
test (CPT). Soil textures are defined according to the Fellenius and Eslami (2000) CPT soil
classification chart. Also shown are tip stress measured with the CPT, and static hydraulic
head recorded prior to slug tests conducted between packers. Numbers to the left refer to
sediments deposited during three chronostratigraphic phases described in the text. 78

Comparison of K data measured with the flowmeter and multilevel slug tests: (a) In five
wells at a l5-cm vertical resolution: the difference in log K values obtained from the two
measurements is shown against the average of the two measurements. The 95oZ confrdence
intervals are shown assuming a normal distribution (+ 1.96 SD, SD being the standard
deviation). (b) log K profile at well P03. 92

Comparison of K data obtained from multilevel slug tests and flowmeter tests: (a) at 15-cm
vertical intervals and (b) for selected intervals corresponding to specific hydrofacies (see

Figure S.27

Figure I.l

Figure I.2

Figure I.3

Figure I.4

Figure I.5). 93
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Figure I.5 Application of the cumulative flow-curve interpretation method. The figure shows
calculated K (grey blocks) and cumulative transmissivity profiles (equivalent to cumulative
flow, red line) using two vertical resolutions of flowmeter measurements at well Pl7 (a) K
estimates for intervals at a vertical resolution of 15 cm (b) K estimates for intervals
corresponding to hydrofacies units based on intervals with a steady slope of the cumulative
flow curve shown in (a); (c) K estimates for intervals at a vertical resolution of 61 cm; (d)
K estimates for intervals corresponding to hydrofacies units based on intervals with a
steady slope of the cumulative flow curve shown in (c). Black dashed lines are the
constant-slope sections of the cumulative flow curves over intervals for which K values are
estimated. 95

Figure I.Sl Direct-push well installation without gravel-pack. (a) Three-step installation procedure:
metal casing hammered into the ground; PVC tubing slotted over saturated zone inserted
inside the metal casing before its withdrawal; protection tubing placed around the sealed
top of blank PVC tubing. (b) Casing and tubing dimensions showing the approximately 8-
mm-wide annular space between the PVC tubing and borehole wall to be filled by
sediments. l 0 t

Figure L32 Hydraulic response to well development following different pumping-surging
configurations. (a) Normalized drawdown as a function of time for slug tests performed at
observation well P6 following different pumping-surging configurations. (b) Apparent
hydraulic conductivity evolution for selected discrete intervals within observation well
P 1 6 . 1 0 1

Figure I.S3 (a) Observed drawdown during interference slug test at injection well P2l and (b)
expanded view of late-time drawdown at well P27 and, observation well Pl7. Symbols refer
to measurements and lines to adjustments to the solution of Hyder et al. (1994). Derivative
curves (not shown) were also used to improve curve fitting. 102

Figure I.S4 Hydraulic conductivity derived from slug tests using four analytical solutions. 102

Figure I.S5 a) Drawdown and groundwater temperature measured during a flowmeter test in well P18.
Early-time drawdown data are matched to the Theis solution for confined aquifers and the
entire data record is matched to the solution of Moench (1995) that considers leakage from
the aquifer top. For comparison, the Theis solution is also shown using the hydraulic
parameters determined from the Moench solution (Table I.2). b) CPT-derived
hydrostratigraphy, borehole fluid temperature profile, and well installation for well P18
(see Figure I.lb for location). r03

Figure II. I 
.Well 

arrangement and definition of parameters for a vertical interference slug test in a
hypothetical confined aquifer: (a) between two intervals isolated using a three-packer
assembly in a direct-push well fully screened across the aquifer (as used in the field study
reported in this paper); (b) the same configuration as (a) but in a sand-packed well with
inter-spaced bentonite seals in the sand pack to prevent hydraulic short-circuiting; and (c)
between two piezometers of a nested well. Symbols used for parameters are defined in
Table II.l. l l 5
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Figure II.2 Dimensionless drawdowns HlHo versus time in the stress (S-shaped curves) and
observation (bell-shaped curves) intervals considering the influence of hydraulic
parameters on vertical interference slug test responses: (a) effect of horizontal hydraulic
conductivity (Kh); (b) effect of specific storage,(Ss); and (c) effect of hydraulic
conductivity anisotropy (KvlKh). On these graphs and those of Figures II.3, II.4 and II.5,
the plain line, bold line and dashed line represent the responses for the base case, for a high
value and for a low value relative to the base case, respectively. The scale of HlHo for the
observation interval is not the same as the scale used for the stress interval in (a) and (b), as
well as in Figures II.3, II.4, II.5, II.6, II.9 and II.l3. l l 8

Figure IL3 Influence of various borehole-aquifer test configurations on vertical interference slug test
responses in the stress and observation intervals: (a) effect of wellbore storage; (b) effect of
vertical distance between stress and observation intervals; and (c) effect of skin horizontal
hydraulic conductivity (Kh') - the radius of the skin is two times the radius of the screen
(rsk: 2rwo : 2rws) (anisotropic conditions for the aquifer and the skin were assumed to be

t20

Figure II.4 Sensitivity analysis of responses for various combinations of specific storage (Ss) and
hydraulic conductivity anisotropy (KvlKh) for a fixed value of horizontal hydraulic
conductivity (Kfr). This analysis shows that hydraulic properties for vertical interference
slug test can be resolved by integrating the responses obtained in the observation and stress
intervals in the interpretation. l2l

Sensitivity analysis of responses for various combinations of hydraulic aspect ratio
(Lslrws): (a) 4.8; (D 2a; and (c) 120. For a screen interval radius of 2.54 cm, those aspect
ratios correspond to stress interval lengths of 0.12 m,0.61 m and 3.05 m, respectively. An
aspect ratio of 24 was used for the sensitivity analysis of Figures II.2,lI.3 and II.4 as well

Figure II.5

as for the field application reported in this paper. 12l

Figure IL6 (a) Example of a major static short-circuit (SSC) detected in the observation interval as see
by the very high amplitude response. (b-c) Sensitivity analysis to simulate the effects of a
dynamic hydraulic short-circuit (DSC) in the observation interval. Figure (b) shows the
observed dimensionless drawdowns HlHo in the stress interval (t8) and presumed
exponential decays of the initial HlHo values in the observation interval (r8), which are
related to a DSC, based on the observed decay over the first 3 seconds (DSC3sec) and a
worst-case scenario with decay lasting until the end of the 700 seconds observation period
(DSCend). These calculations are also reproduced in Figure (c), which shows HlHo inthe
observation interval for several cases: the actual measurements (r8), measurements
corrected using the calculated DSC exponential decays (DSC3sec and DSCend), and
simulated responses using the KGS model without DSC effect (KGS) and using a constant
high-K skin that does not dissipate dynamically. t2s

Figure II.7 (a) Hydrostratigraphy of the test well shown by cone penetration test (CPT) data translated
into soil textures (according to the Fellenius and Eslami (2000) CPT soil classification
chart). (b) Hydraulic conductivity data at a vertical resolution of 15 cm measured by
multilevel slug tests (Kh) and permeameter tests on soil samples (rKv) over the same
intervals. (c) Locations of tested intervals (61 cm) by vertical interference slug tests. (d)
Numerical srid used for data inversion. In the test location numbers. / stands for transmitter
(stress interval) and r stands for receiver (observation interval). t27

Figure II.8 Picture (a) and (b) schematic representation of the vertical interference slug test assembly
used for the field experiment. 129



Figure II.10

Figure II.11

Figure ILl2

Figure II. l3

Figure IL9 Vertical interference slug test responses measured (symbols) and predicted by inversion
(curves). Graphs show each of the 12 stress interval responses (grey circles) along with the
responses from observation intervals (black circles). Grey squares with a circle inside
correspond to data that were not used in the inversion due to apparent DSC effects (see
Figure II.6). Scales of observation interval responses are not the same as those of other
tests for tIl andtl2 (larger scale). 132

Vertical profiles of observed logKft (from slug tests) and logKv (from cores) along the well
with corresponding profiles predicted by the simultaneous numerical inversion of multiple
vertical interference slus tests.

Scatter plot of predicted versus observed dimensionless drawdowns (HlHo) for the 12
vertical interference slug tests. Separate scatter plots are shown for the stress intervals (a)
and the observation intervals (b). The dotted line is a reference l:1 line indicating a perfect
match and the solid red line is the linear resression of data. 135

Vertical profiles of dimensionless variance along the well for hydraulic parameters
predicted by the inversion: (a) horizontal hydraulic conductivity (Kh); (b) hydraulic
conductivity anisotropy (KvlKh); and (c) specific storage (Ss). 140

Observed vertical interference slug test response in the stress (18) and observation (r8)
intervals compared to the data match (solid lines) obtained with the KGS model for test
l8r8 assuming homogeneous aquifer conditions. Dashed lines are KGS model responses
obtained using KvlKh values that are l0 times lower and higher than the best match value
(0.0061). t4l

Figure III.I (a) Numerical model grid and boundary conditions used for all synthetic experiments. (b)
Parameter grid with 143 cells and zonation used for simulations in Figures III.2 and III.4.
(c) Locations of the stressed and observation intervals (red plain lines) with ray coverage
density for the synthetic tomographic experiment with 13 slug tests and 37 observation
intervals (base case) presented in Figures III.Sa-b. Table III.2 presents the correlation
matrix for sensitivity to hydraulic properties with respect to the tx7 stressed interval and
IherxT observation interval shown in Figure III.lc (black dotted line). Figure III.2 shows
the normalized head sensitivities to hydraulic properties for the tx7 stressed interval and
observation intervals at different angles relative to rx7 (rx7, rx5 and rx3). t62

Figure III.2 (a) Normalized head sensitivities to hydraulic properties (Kh, KvlKh and,Ss) for a stressed
interval; and (b, c and d) observation intervals located at different angles from the stressed
interval based on a homogeneous and anisotropic aquifer model (Figure IILIb and Table
ilI.l). Locations of the intervals (tx7,rx7, rx5 and rx3) are indicated in Figure III.1c (black
dotted lines). Note the difference in scale for stressed and observation intervals. Subscripts
I and 2 refer to parameters within and outside the region of investigation (ROI),
respectively. Stressed interval sensitivities for properties outside the ROI are not significant
and are thus not shown in Figure III.2a. Corresponding normalized head (HlH}) responses
are also shown (plain blue lines). t71

Figure IIL3 Spatial distributions of root-mean-square normalized sensitivity to Kh, KvlKh and ̂ Ss over a
single slug test for: (a) a stressed interval (tx7); and (b) an observation interval (rx7).
Locations of the intervals (tx7, and rx7) are indicated in Figure III.lc (black dotted
line).174
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Figure III.4 (a) Normalized head sensitivities to hydraulic properties (Kh, KvlKh and ,Ss) for a stressed
interval (tx7); and (b) an observation interval (rx7) based on a homogeneous and
anisotropic aquifer model (Figure III.lb and Table III.1). Locations of the intervals (tx7
and rx7) are indicated in Figure III.lc (black dotted line). Note the difference in scale for
stressed and observation intervals. Subscripts I to 7 are defined in Figure III.lb.
Corresponding normalized head (HlH0) responses are also shown (plain blue lines). 175

(a) Spatial distributions of root-mean-square normalized sensitivity to Kh, KvlKh and ̂ Ss;
and (b) diagonal elements of resolution matrix (Figure III.7) for Kh, KvlKh and ,Ss
associated with the analysis of the 10000-sec head records for the synthetic tomographic
experiment with 13 slug tests and 37 observation intervals (base case) shown in Figure
IILlc. The resolution values are based on truncated singular value decomposition (SVD)
inversion with a relative parameter error of 1% using the l43-parameter grid shown in
Figure III.lb. Simulation parameters and average resolution values for hydraulic properties

Figure III.5

within the region of investigation (ROI) are presented in Table III.3. 177

Figure IIL6 (a) Singular value spectra, and (b) root-mean-square model norm associated with truncated
singular value decomposition (SVD) inversion of white noise (error standard deviation of
2xl0-4 m) head vector associated with the analysis of the 10000-sec head records for the
base case synthetic tomographic experiment. t78

Figure III.7 Resolution matrix associated with the analysis of the 10000-sec records from the base case
synthetic tomographic experiment based on truncated SVD inversion of the sensitivity
matrix with a relative parameter error of 1%. Full white lines superposed on the resolution
matrix separates the different sub-matrices corresponding to each hydraulic parameter and
dashed white boxes encompass parameters within the region of investigation (ROI).. 182

Average parameter resolution within the region of investigation (ROI) for various
scenarios of: (a) initial head (É10) used to initiate slug tests; (b) cell size; (c) distance
between stressed and observation wells; and (d) tomographic configuration using different
sets of stressed and observation intervals. Results are for an analysis of the 10000-sec
records based on truncated SVD inversion of the sensitivity matrix associated to respective
scenario with a relative parameter error of 1%. Simulation parameters and average
resolution values for hydraulic properties within the region of investigation (ROI) for each
scenario are compiled in Table III.3. Blue arrows point to results corresponding to

Figure III.8

conditions used for the base case. 186

Figure III.9

Figure IV.1

Figure IV.2

Normalized head (HlH0) responses for reciprocal slug tests for: (a) a symmetrical; and (b)
asymmetrical test configuration relative to heterogeneity in Kh, Kv and Ss. Alternatively
changing values of Kh, KvlKh and ̂ Ss in the different layers are compiled in Table III.4. 190

General location of the study site (a), with the Quaternary sediments map for the sub-
watershed enclosing the former sanitary landfill (b), and the location of the wells used for
the tomographic experiment (c). The Quatemary map is modified from Lamarche and

207Tremblay l20l2l.

GPR section aligned parallel with the general littoral depositional direction along with
profiles of sediments texture derived from cone penetrometer test data (tip and sleeve
stresses) and tip stress data for wells Vl, V2, PlO and Pl7. Horizontal hydraulic
conductivity (K) obtained from multilevel slug tests is also presented for wells in which
these measurements were made. GPR section and well locations are shown in Figure
rv.lb. 208

Sediment layers in the aquifer based on tip stress data (numbered from Ll to L4) along
with profiles of sediment texture derived from cone penetrometer test data (tip and sleeve

Figure IV.3
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Figure IV.4

Figure IV.5

Figure IV.6

Figure IV.7

Figure IV.8

Figure IV.9

Figure IV.10

Figure IV.l I

Figure V.1

stresses) for wells Pl7, P2l and P19 at the tomography site (legend in Figure IV.2).
Vertical (Kv) and horizontal (Kh) hydraulic conductivities obtained from laboratory
permeameter and field multilevel slug tests, respectively, are also provided for well Pl7.
Well locations are shown in Figure IV.lc. 209

Slug test instrumentation for tomographic experiment: (a) packers, screens and pressure
transducers used to monitor slug test responses, (b) water column (white PVC) used to
initiate slug tests. 2t1

Coverage density (length of rays per area; m/m2) between stressed and observation wells
for tomographic experimentt2TrlT: (a) between wells P21 and Pl7; and (b) along well
P2l. The rays along well P21 in (b) are not used in the evaluation of coverage density in
(a). rWhite spaces indicate the lengths of open intervals between packers (stressed or
observation interval). In the nomenclature used for stressed and observation interval
numbers, "t" stands for "transmitter" and "r" for "receiver". The first two digits after the
letter indicate the well number whereas the last three digits are top of the screen depth, in
cm, from the top of the tubing. 213

Simulation (a) and parameter (b) grids for the inverse analysis of tomographic experiment
t2b l7 . 2 1 7

Observed (symbols) and simulated (red curves) head responses for tomographic
experiment t2hl7. Graphs (a) show each of the 12 stressed interval responses (black
squares) along with (b) the responses from observation intervals (black circles) following
the slug test in the indicated stressed interval. 221

Tomograms of hydraulic parameter values from the inversion of tomographic experiment
t2lrl7: (a) horizontal hydraulic conductivity (Kh); (b) hydraulic conductivity anisotropy
(KvlKh); and (c) specific storage (Ss). Also depicted is the estimated vertical profile of
hydraulic parameters along wells P2l and Pl7 with Kfr values from l5-cm multilevel slug
tests and Kv values from laboratory permeameter tests on l5-cm soil samples along well
P77. 226

Spatial distributions of the logarithm of dimensionless variance from the inversion of
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corresponds to the simulation using the median misclassification error illustrated in Figure
V.1la. The diagonal indicates the observations for which both classifications are identical
(HFl 617,86%;HF218120,90Yo; HF3 1l l l4,79oÂ;HF4 73115,87oÂ; overal l48156,86%).. 
Off-diagonal observations were misclassified by RVM classification (IJFI ll7,l4%o;HF2
2120, l0oÂ; HF3 3114, 2loÂ; HF4 2115, l3oÂ; overall 8156, l4%\ (b) Comparison of the
logarithm of hydraulic conductivity (rÇ measured with multilevel slug tests with the
estimation made using RVM regressors with the same testing data set as shown in Figure

281(a).

FigureV.l3 Logarithm of hydraulic conductivity (logK) distribution per hydrofacies for the median
testing data set presented in Figure V. 12 resulting from the testing (error assessment) of the
learning machine: (a) original hydraulic conductivity (logÀl data of the TDRK_GK_4
subset obtained with slug tests; and (b) predicted logK values from the learning machine
following the approach illustrated in Figure V.5. 283
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1 Introduction

La résolution de questions environnementales, telles que l'exploitation responsable des ressources en eau

souterraine ou la réhabilitation de sites contaminés, exige la quantification des processus d'écoulement de

I'eau souterraine et de transport des contaminants au moyen de modèles hydrogéologiques numériques

(Anderson et Woessner 1992). Comme le montre la Figure S.l, la modélisation hydrogéologique se fait

habituellement en plusieurs étapes, et comprend notamment la caractérisation du site, le développement

d'un modèle conceptuel hydrogéologique, l'élaboration d'un modèle numérique, l'estimation des

paramètres et l'évaluation de l'incertitude dans les prévisions (Neuman et Wieranga 2003). Les données

de caractérisation et de suivi constituent le fondement de ce processus de modélisation. En effet, les

données de caractérisation du site, qui permettent I'attribution de valeurs aux paramètres du modèle (ex.,

conductivité hydraulique, porosité, recharge), forment la base sur laquelle un ou plusieurs modèles

conceptuels peuvent être postulés pour une région d'étude. Pour évaluer la capacité d'un modèle

numérique à reproduire la dynamique réelle d'un système aquifère, il est également nécessaire de

disposer de données de suivi qui fournissent des observations (ex., charges, concentrations, débit) des

conditions hydrogéologiques réelles. Cependant, il existe généralement un vaste éventail de modèles et

d'ensembles de paramètres qui peuvent mener à des simulations acceptables, même pour les sites faisant

I'objet d'études intensives. Cela s'explique par I'impossibilité de décrire les systèmes aquifères de façon

exhaustive, particulièrement l'hétérogénéité des propriétés hydrauliques des aquifères. Ainsi, la fiabilité

des prédictions tirées d'un modèle hydrogéologique numérique est fortement liée au réalisme du modèle

conceptuel qui peut être construit à partir de l'information hydrogéologique disponible.

Les études hydrogéologiques réalisées dans le but de comprendre l'écoulement de l'eau souterraine ou le

transport de contaminants nécessitent des données représentatives sur la répartition spatiale hétérogène

des propriétés hydrauliques des aquifères, comme la conductivité hydraulique (À') et la porosité (n)

(Anderson et al. 1999; Eaton 2006). Pour les aquifères granulaires, I'hétérogénéité des propriétés

hydrauliques est le résultat de processus géologiques complexes (Koltermann et Gorelick 1996). Cette

hétérogénéité influence l'écoulement de l'eau souterraine et particulièrement les processus de transport de

masse dans les aquifères à différentes échelles. En effet, l'hétérogénéité de K à grande échelle contrôle les

voies d'écoulement de l'eau souterraine et des contaminants, tandis que les variations de K à petite

comme à grande échelle modulent l'ampleur de la dispersion des contaminants. La représentation fine de

I'hétérogénéité des propriétés hydrauliques au moyen de la définition d'hydrofaciès (HF) est

généralement utile pour conceptualiser la complexité des systèmes aquifères (Anderson 1997; McKenna



et Poeter 1995; Ouellon et a|.2008; Frei et al. 2009). Un HF est une unité homogène, possiblement

anisotrope, et distincte d'un point de vue de ses propriétés hydrauliques pour les besoins de la

modélisation hydrogéologique (Anderson 1989). La caractérisation complète d'un système aquifère

devrait permettre idéalement une représentation spatiale tridimensionnelle des HF et des variations de

valeurs des propriétés hydrauliques dans chacun de ces HF.
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Figure S.l Schéma illustrant le processus général de modélisation hydrogéologique pour la résolution d'un problème
d'écoulement ou de transport.

Il peut être possible de concevoir un modèle hydrogéologique conceptuel pour un site à partir de données

génériques de systèmes analogues ou à partir de mesures effectuées ailleurs sur des matériaux

géologiques similaires. Toutefois, parce que chaque site est unique, la caractérisation locale devrait

révéler les caractéristiques particulières du site. Donc, comme point de départ d'une bonne gestion d'un

aquifère, l'échelle d'hétérogénéité pertinente à toute étude hydrogéologique devrait toujours être

reconnue et caractérisée en conséquence à I'aide de mesures locales. Comme l'ont souligné de Marsily er

al. (2005) et comme I'illustre la Figure S.2, le type de problème (ex., écoulement ou transport), l'échelle

du site étudié, le milieu géologique, le type de réponse à donner (ex., ponctuelle ou diffuse), les méthodes

de caractérisation disponibles et les coûts de I'acquisition des données doivent donc tous être considérés

dans la résolution du problème.
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Figure S.2 La partie supérieure illustre les rapports relatifs entre l'échelle d'hétérogénéité d'un aquifère, l'échelle

verticale de résolution et la couverture spatiale des méthodes de caractérisation. La partie inférieure montre l'échelle du
problème d'écoulement ou de transport à considérer.

Les essais hydrauliques réalisés dans des puits sont habituellement des sources d'information fiables sur

les propriétés hydrauliques des aquifères (Butler 2005). Cependant, les essais hydrauliques

conventionnels, comme les tests de pompage, induisent principalement un écoulement horizontal et

n'estiment par conséquent que la conductivité hydraulique horizontale (Kr,). Une bonne compréhension de

l'écoulement de I'eau souterraine et du transport de contaminants exige également la connaissance de

l'anisotropie de K, c.-à-d. le rapport des conductivité hydraulique verticale K,et horizontale Kn (K lKn) et



de la porosité n. Ku et n peuvent être généralement obtenues à partir d'essais en laboratoire effectués sur

des échantillons de sédiments, habituellement obtenus par carottage. Cependant, la durée habituellement

prolongée des essais hydrauliques conventionnels et les difficultés expérimentales liées au prélèvement et

à la manipulation d'échantillons de sédiments limitent souvent I'obtention de grandes quantités de

mesures directes de K6, Kuet n. Par conséquent, il est difficile d'acquérir suffisamment d'information et

de détails sur la distribution spatiale des propriétés hydrauliques pour concevoir des modèles

hydrogéologiques réalistes des sites à l'étude (Gelhar 1993; Anderson 1997;Butler 2005). La motivation

de cette thèse est donc d'élaborer des approches de caractérisation qui permettraient une meilleure

définition de l'hétérogénéité des propriétés hydrauliques des aquifères.

Dans cette synthèse, la contribution de la thèse à I'avancement des connaissances et la cohérence de la

démarche scientifique dont les résultats sont divisés dans les différents articles sont illustrées au moyen

de la présentation du cadre général qui a été appliqué pour la caractérisation des propriétés hydrauliques

d'un aquifère granulaire effectuée pour l'étude de la migration des lixiviats d'un ancien site

d'enfouissement sanitaire. La région visée par l'étude se trouve à St-Lambert-de-Lauzon, à 30 km au sud

de Québec, et couvre une superficie de 12 km2 autour de I'ancien site d'enfouissement (Tremblay et al.

2013). Les sédiments qui composent I'aquifère montrent des changements de texture transitionnels à

petite et à grande échelle, reflétant le milieu littoral de leur sédimentation. Afin de définir le plus

réalistement la complexité de l'aquifère étudié, l'accent a été mis sur l'acquisition de données

géophysiques indirectes à haute résolution verticale de manière à acquérir un maximum d'information à

moindre coût. Pour ce faire, des essais au piézocône (CPT : Cone Penetration Zests) combinés à une

sonde permettant de mesurer la teneur en eau et la résistivité des sédiments (SMR : Soil Moisture and

Resitivity) ont été utilisés pour répondre aux besoins de l'étude. L'avantage des données CPT/SMR pour

la caractérisation hydrogéologique repose dans la résolution verticale à l'échelle du décimètre (Lwne et

al.1997; Schulmeister et a\.2003), qui ne peut être obtenue par les méthodes géophysiques de surface.

En outre, I'importante couverture spatiale pouvant être obtenue par des sondages CPT/SMR

comparativement à des essais hydrauliques dans des puits ou sur des carottes de sédiments permettent de

déduire I'hétérogénéité des aquifères sur de grandes superficies (Lafuerza et a\.2005). Pour identifier les

HF et estimer K1, à partir des données CPT/SMR, Paradis et al. (2011;2014c) ont proposé une approche

d'intégration des données hydro-géophysiques utilisant des machines d'apprentissage. Cette approche

d'intégration représente le cæur du cadre de caractérisation de l'hétérogénéité des propriétés hydrauliques

présentée dans cette synthèse et est aussi l'objet de l'Article V de la présente thèse.



Puisque I'approche d'intégration par machine d'apprentissage adoptée ici est basée sur l'établissement de

relations empiriques propres à un site, un processus systématique d'acquisition des données a été suivi

afin d'acquérir un ensemble de données représentatif de la région d'étude. Dans ce processus,

I'application des méthodes de caractérisation plus générales précède l'application des méthodes plus

spécifiques et le choix des sites de caractérisation pour les méthodes spécifiques est fait selon les

caractéristiques des mesures obtenues avec les méthodes plus générales. Les méthodes de caractérisation

générales offrent généralement une plus grande couverture spatiale et une résolution moindre, alors que

les méthodes spécifiques pemettent une plus grande résolution sur de plus petits volumes d'investigation.

Ce processus qui vise à rationaliser l'acquisition des données est aussi utilisé couramment dans I'industrie

pétrolière aux fins de prospection des hydrocarbures (Bradford et Babcock 2013).

À part la définition des relations empiriques pour prédire les HF et Kn à partir de données CPT/SMR,

l'intégration des données comprend aussi la définition de relations empiriques qui lient Ku et n à K6, et

I'interpolation spatiale donnant la distribution spatiale de I'hétérogénéité des HF ainsi que de Kp, Ku et n

sur la région d'étude. À I'appui du cadre général de caractérisation, des méthodes hydrauliques

permettant de mesurer plus efficacement K1, et K" ont également été développés pour cette thèse. En effet,

I'utilisation du débitmètre de puits a éIé adaptée aux aquifères granulaires par Paradis et al. (2011) pour

les mesures de K1,, tandis que des tests d'interference verticale à chocs hydrauliques (Paradis et Lefebvre

2013) et la tomographique par chocs hydrauliques (Paradis et al.20l4a;2014b) ont été développés pour

l'estimation de K". Ces méthodes font l'objet des Articles I, II, II[ et [V, respectivement.

La contribution de cette thèse à I'avancement des connaissances se situe à deux niveaux. Premièrement,

cette thèse contribue à l'amélioration de la pratique de la caractérisation hydrogéologique en :

. proposant et appliquant une approche systématique et rationnelle d'acquisition des données de

base représentatives pour la définition de I'hétérogénéité des propriétés hydrauliques à l'échelle

d'un sous-bassin (Synthèse et article de I'Annexe A);

. adaptant et développant des méthodes de mesures in situ des propriétés hydrauliques plus

efficaces et plus sophistiquées (Articles I, II et IV);

. proposant, appliquant et démontrant le gain en efficacité d'une approche de caractérisation

hydrogéologique fondée sur I'intégration de mesures hydro-géophysiques (Article V, Synthèse et

article de I'Annexe A).



Deuxièmement, cette thèse contribue aussi à la compréhension des fondements physiques qui régissent

l'écoulement dans les aquifères et des liens existant entre les propriétés hydrauliques et géophysiques des

aquifères en :

démontrant les possibilités et les limites des méthodes de caractérisation hydraulique par l'étude

du contenu en information d'une analyse transitoire des tests de perméabilité (slug tests) réalisés

en mode tomographique (Article III);

démontrant les possibilités et les limites d'une approche de caractérisation hydro-géophysique

fondée sur des mesures géophysiques multi-paramètres (Article V).

Cette synthèse présente tout d'abord la région d'étude ainsi qu'une description générale des travaux

d'acquisition des données effectués pour la caractérisation de I'hétérogénéité des propriétés hydrauliques.

L'approche d'intégration des données est ensuite présentée (ce qui comprend une brève description de la

machine d'apprentissage et de l'approche d'interpolation) et illustrée pour une section représentative de

I'aquifère. L'efficacité relative de l'approche hydro-géophysique proposée pour prédire K1, par rapport

aux essais hydrauliques conventionnels est également un élément au cæur de la discussion. On retrouvera

aussi en annexes (DVD) les mesures de base permettant de reproduire les analyses présentées dans cette

synthèse et dans les articles originaux de la deuxième partie, et qui n'ont pas été intégrés au texte par

soucis de concision. On retrouvera aussi à I'Annexe A la synthèse actuelle soumise pour publication en

version anglaise abrégée.

2 Région d'étude et acquisition des données

2.1 Résumé de I'approche d'acquisition de données

La Figure S.3 illustre la succession générale des travaux d'acquisition des données suivis dans cette étude

pour caractériser I'hétérogénéité des propriétés hydrauliques. La succession des travaux est systématique

des plus générales vers les plus spécifiques et la localisation des mesures pour une méthode particulière

dépend des réponses globales des méthodes appliquées précédemment. Les méthodes générales ont

généralement une plus grande couverture spatiale et une plus faible résolution, tandis que les méthodes

plus spécifiques sont appliquées sur de plus petits volumes d'investigations. De plus, les méthodes

générales, comme I'analyse de la géologie régionale et les levés géoradar, fournissent des renseignements
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indirects à propos des propriétés hydrauliques, tandis que les méthodes spécifiques comme les essais de

perméabilité, fournissent des estimations directes. Cette succession des travaux d'acquisition de données

vise à rationaliser l'acquisition des données et à maximiser la signification des mesures recueillies. Par

exemple, la succession des travaux pour cette synthèse est centrée sur l'acquisition d'un ensemble de

mesures hydrauliques et CPT/SMR représentatif de la région d'étude afin d'établir des relations

empiriques fiables pour la prédiction des propriétés hydrauliques à partir des mesures géophysiques.

Ainsi, des mesures CPT/SMR sont effectués dans un premier temps sur l'ensemble de la région d'étude

afin de couvrir toute la plage possible de valeurs des paramètres géophysiques et des essais hydrauliques

ciblés sont ensuite effectués avec parcimonie à des endroits stratégiques selon les réponses CPT/SMR

obtenues. Les mesures hydrauliques ainsi acquissent bonifies les mesures CPT/SMR et leur nombre

restreint permet de réduire considérablement le temps de caractérisation associé aux essais hydrauliques.

De plus, parce que I'emplacement des sondages CPTiSMR est choisis selon l'étude de la géologie et les

levés géoradar réalisés précédemment, les sondages peuvent fournir plus de détails pertinents à propos de

l'hétérogénéité des propriétés hydrauliques par rapport à une approche conventionnelle utilisant

seulement des essais hydrauliques dans des puits ou sur des carottes de sédiments. Les sous-sections

suivantes présentent donc l'application de la démarche d'acquisition de données illustrée à la Figure S.3

en vue de la caractérisation de l'hétérogénéité des propriétés hydrauliques de l'aquifère de St-Lambert.

2.2 Géologie régionale et du site de St-Lambert

La démarche d'acquisition des données proposée a été appliquée à une région d'étude située à St-

Lambert-de-Lattzon, à 30 km au sud de Québec, au Canada (Figures S.4a-b). Comme l'illustre la Figure

S.4c, la région d'étude englobe un sous-bassin hydrographique de 12 knnz entourant un site

d'enfouissement sanitaire déclassé dans le but d'évaluer la migration et I'atténuation d'un panache de

lixiviation. Les récepteurs potentiels du panache émis par l'ancienne décharge sont des ruisseaux qui

délimitent la région d'étude au nord, à I'ouest et au sud (Tremblay et al. 2013). La limite à I'est

correspond à une ligne de partage des eaux souterraines déterminée à I'aide de la carte piézométrique de

la région d'étude.
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Figure S.3 Processus général d'acquisition séquentiel des données pour la caractérisation de I'hétérogénéité des
propriétés hydrauliques de l'aquifère de St-Lambert (,S: friction; T: résistance en pointe; D: constante diélectrique; ,R:
résistivité électrique; fr: conductivité hydraulique horizontale, rKu: conductivité hydraulique verticale; n: porosité totale).

L'une des premières étapes du processus de caractérisation de l'aquifère consistait à faire l'analyse des

photos aériennes et des sédiments exposés dans les sablières afin de définir le milieu sédimentaire de la

région d'étude. La connaissance du milieu sédimentaire est particulièrement utile pour apprécier

I'architecture des sédiments et les tendances spatiales dans la variation de texture des sédiments, qui

peuvent fournir des renseignements qualitatifs important à propos de l'hétérogénéité des propriétés

hydrauliques (Heinz et a|.2003). Tel que décrit par Bolduc (2003), la géologie de surface de la région

d'étude (Figure S.4b) est composée principalement de sables et de silts d'âge Quaternaire récent qui ont

été déposés durant le retrait de la mer de Champlain, laquelle fut un bras de I'océan Atlantique occupant

la vallée du St-Laurent au temps de la dernière déglaciation. Plus particulièrement, la sédimentation au

site de St-Lambert a été contrôlée par des courants littoraux qui ont redéposés dans des environnements

littoral et sous-littoral les sédiments provenant du paléo-delta de la rivière Chaudière. Ceci est indiqué à la

Figure S.4c par la diminution de la granulométrie des sédiments suivant l'axe sud-ouest et par

I'orientation sud-ouest nord-est de plusieurs crêtes de plages (Lamarche et Tremblay 2012). Les crêtes de

plage et les barres de sable associés sont principalement composées de sable moyen à fin alors que des

sédiments plus fins, tel que les silts, se retrouvent dans les zones de plus faible énergie entre les crêtes

(Reading 1996). Les lithofaciès riche en silts sous les sables littoraux ont été déposés dans des
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environnements sous-littorarx au front du littoral, tandis que ceux inter-stratifiés avec des sables (CPT24)

ont été déposés dans les crêtes et les lagons aux arrières du littoral durant la régression marine.

Sédiments

| & j Alluvions l-.o...1 Metière orgeniquo

m Silt sbleux I Matière organhue sur

E Silt sbleux sur sable lln à grossier
sable fin à grossier I qi seble tin à gro$ier

m Siltsableuxsurti l l  isnl sablefinàgrossiersurti l l

Symboles géologiques

.------ Crète de plage ffi Talus érosion (teæs)

B.anc cilrb€ de niveau
d'emPrunt topogrâPhqus

StfmbolôE de caEctêrlsrtlon (intaruele 10 m)

+ SondageCPT/SMR O Puitsd'obseryation "'- '  Levégéoradar

Symbolæ générâux

4) n"gion o'atuo.

..j!" sited'entouissêrunt

, rn Poinl dê réféEnce
Mar*ge ' '" 

topograph{ue

Lac Ruissêsu

Figure S.4 Localisation générale de la région d'étude (a-b), avec la cârte des sédiments Quaternaire de surface (c) pour le

sous-bassin englobant I'ancien site d'enfouissement avec la localisation des levés géoradar, des sondages CPT/SMR et les

puits d,observation utilisés pour la caractérisation de l'aquifère. La direction générale de déposition des sédiments

composant l,aquifère est assumé perpendiculaire à l'orientation du paléo-rivage dans un environnement littoral. La ligne

blanche pointillée représente la séparation entre la zone plus sableuse et la zone silteuse (tel que montré sur la section A-

A' aux Figures S.4 et S.12). La carte Quaternaire a été modifiée de Lamarche et Tremblay (2012).

La granulométrie des sédiments de I'aquifère varie du sable fin jusqu'au silt très frn (silt argileux) avec

des distributions granulométriques allant de mal à très mal trié. La granulométrie des sédiments et leur tri
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est le résultat de deux processus sédimentaires, à savoir le transport par saltation et par suspension, qui se

produisent simultanément dans un milieu littoral (Reineck et Singh 1980). Le degré de trie des sables et

des silts au site de St-Lambert peut donc donner des valeurs de K relativement plus faibles

comparativement à des sédiments beaucoup mieux triés, tel que retrouvé par exemple dans les

environnements deltaï'ques. Comme le montre la Figure S.5, des transitions granulométriques marquées

causés par des variations rapides d'énergie de sédimentation sont aussi souvent observés sur les sections

de sédiments exposés dans les sablières. La superposition de couches de sable et de silt qui en résulte peut

aussi créer des conditions aquifères semi-confinées en raison des contrastes de K associés aux différents

sédiments. Dans chacune des couches, des transitions latérales marquées ou transitionnelles peuvent

également être anticipés selon le niveau d'énergie ayant pu exister le long du littoral de la mer de

Champlain.

Figure S.5 Photo d'une coupe dans les sédiments montrant un contact transitionnel vertical allant dtun sable sec à un silt
humide. La localisation de la coupe est montrée à la Figure S.2c.

2.3 Levés géoradar

Dans cette étude, le géoradar fut choisi corlme outil d'exploration pour définir I'architecture de l'aquifère

de la région d'étude en complément à la géologie régional. Le géoradar est une technique géophysique

rapide et bien établie servant à I'acquisition non-destructive de données stratigraphiques des sédiments

(Van Overmeeren 1998; Schmelzbach et al.2011). Le géoradar utilise des ondes électromagnétiques à

hautes fréquences transmises dans le sol, où elles se propagent en s'atténuant, et éventuellement sont

réfractées et réfléchies à la surface du sol pour être mesurées par un receveur qui enregistre le signal

électromagnétique en fonction du temps (Davis et Annan 1989). Les variations de la teneur en eau, de la

fraction argileuse et de la granulométrie déterminent les coefficients de réflexion des différents

matériaux. La résolution verticale des structures sédimentaires est de l'ordre d'un quart de longueur
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d'onde qui correspond, pour les antennes de 100 MHz utilisée dans le cadre de cette étude, à environ

0.20 m (Tableau S.l).

Tableau S.1 Sommaire de I'acquisition des données de caractérisation (terrain et laboratoire).

Type de levé Instrument Configuration
Résolution
verticale

(m)

Longueur
Nombre totale
de levés

(m)

Géoradar

CPT/SMR

Puits

Sédiments

Essais perméabilité
(slug test) multi-

niveaux (K;,)

Essais perméamètre
(K")

Porosité (n)

Distribution
granulométrique

Pulse Echo

Geotech 605D

Geotech 605D
avec tubage métal

7.72 cm (3 po)
diamètre

Geotech 605D
avec Geotech
Macro-Core

Sampler

Système initiation
pneumatique avec
capteur de pression

Perméamètre à
charge variable
avec capteur de

pressron

Four à 50 "C (>7
jours)

Fritsch Analysette
22

100 MHz antennes

Système acquisition
Vertek

Puits par
enfoncement sans
sable-filtrant (PVC

5.1 cm (2 po)
diamètre)

Tubage claire PETG
de 1 .5  m (3 .8  cm (1 .5

po) diamètre)

Système double
obturateur

Avec le tubage
original sans re-
compaction des

sédiments

Poids mouillé et sec

0.2

0.03 à 0.17

20

53

21 000

509

192
(longueur
crépinée)

25

9575

420 .15 280

0 . 1 5 59

0 . 1 5

Réflexion laser

6 .543
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Habituellement, les amplitudes des réflexions peuvent être corrélées aux contrastes de granulométries des

sédiments et être utilisées pour déterminer les zones ayant des conditions hydrogéologiques différentes ou

similaires. Jusqu'à 2l km de levés géoradar ont été acquis dans la région d'étude afin de déterminer la

géométrie des structures internes de I'aquifère (Figure S.4c et Tableau S.l). Par exemple, la section

géoradar de 100 MHz de la Figure 5.6 illustre la stratification générale des sédiments observée dans la

région de St-Lambert (voir I'emplacement de la section à la Figure S.4c). La Figure 5.6 montre également

les profils stratigraphiques obtenus à partir des sondages CPT/SMR, dont il est question dans la section

suivante. Bien qu'en général, ces profils n'aient pas été disponibles au moment des levés géoradar, ils

sont présentés ici pour appuyer la discussion.

Plusieurs observations peuvent être faites à partir de la Figure 5.6. Premièrement, la stratification

continue qui se prolonge sur plusieurs centaines de mètres, illustrée par les réflexions géoradar continues

inclinées de quelques degrés (entre 3o et 5o) vers l'ancienne mer de Champlain (le fleuve Saint-Laurent

d'aujourd'hui à la Figure S.4b), est caractéristique d'un milieu sédimentaire littoral (Van Overmeeren

1998). Plus précisément, une butte observée dans les réflexions géoradar situées à la distance de 300 m

sur le profil géoradar de la Figure 3.6 laisse présumer la présence d'une épaisse crête de plage qui agit

comme un cordon de sable et divise la section géoradar en deux régions hydrogeéologiques distinctes. La

région qui se trouve en avant du cordon de sable (à gauche, vers le point A') et le cordon lui-même

montrent en effet une bonne résolution et une grande profondeur de pénétration des ondes

électromagnétiques, qui sont liées aux sables (indiquées par les types de sédiments déduits des profiles

CPTll3 et CPT26) ayant une très faible teneur en matériaux conducteurs comme l'argile. La grande

profondeur de pénétration dans cette zone (la zone sableuse de la Figure 5.6) permet également la

reconnaissance d'une couche de till recouvrant le substratum rocheux. En effet, les hyperboles observées

sous les sédiments littoraux sont des caractéristiques géoradar typiques liées aux blocs qui se trouvent

dans le till. Une couche de till, dont la profondeur varie de I'affleurement jusqu'à 22 m, est généralement

présente partout dans la région d'étude et sa faible perméabilité limite l'échange d'eau souterraine entre

les sédiments littoraux et le substratum rocheux. Au-delà du cordon de sable (à droite, vers le point A),

les sédiments sont plus fins et montrent des couches alternant entre le sable et le silt, comme le laissent

présumer les sédiments déduits des profils CPTI16, CPT24 etPl7. Les réflexions géoradar dans cette

zone sont également diffuses à quelques endroits en raison de la présence de sédiments ayant une grande

conductivité électrique, comme le silt argileux, qui limitent habituellement la pénétration du signal

géoradar. En conséquence, la couche de till ne peut être identifiée dans cette zone parce que des

sédiments fins limite la pénétration du signal géoradar dans cette séquence littorale. Des autres levés
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géoradar effectués dans la région d'étude (non montré ici), une diminution générale de la profondeur de

pénétration est également observée en avançant vers le sud-est (à droite, en s'éloignant du point A), ce

qui laisse présumer que la granulométrie des sédiments décroit en s'éloignant du rivage (vers les terres)

en raison d'une réduction de l'énergie des vagues et des courants. Enfin, le niveau de I'eau souterraine

dans I'aquifère se trouve à environ I m sous la surface du sol, comme I'indique les niveaux d'eaux

mesurés dans les puits (CPT26, CPT24 et Pl7). Ce niveau d'eau ne peut cependant être déterminée à

partir du profil géoradar de la Figure 5.6 en raison de sa proximité avec la surface du sol.
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Figure 5.6 Levé géoradar parallèle à la direction générale de sédimentation avec les profils de sédiments CPTll3, CPT26, CPTI16, CPT24 et Pl7 dérivés des essais au
piézocône (Cone Penetration Tests, CPT) interprétés selon la classification proposée par Fellenius et Eslami (2000). La section géoradar et les sondages sont montrés à la
Figure S.2c.
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2.4 Sondages CPT/SMR

Selon le faciès géoradar reconnu précédemment, I'emplacement de 53 sondages CPT/SMR a été choisi

(Figure S.4c et Tableau S.l) pour permettre une interprétation géologique approfondie des levés géoradar

et pour acquérir les propriétés mécaniques et électriques des sédiments qui permettront d'établir des

relations avec les mesures hydrauliques. Les sondages par enfoncement (CPT/SMR) ont été effectués à

l'aide d'un système de sondage sur chenils Geotech 605-D muni d'un CPT comprenant un dispositif de

mesure de la pression de I'eau interstitielle combiné à une sonde SMR (Figure S.7). Comme I'illustre la

Figure S.8 (lignes rouges) pour l'emplacement du puits Pl7 (illustré à la Figure 5.6), les sondages

CPT/SMR permettent la mesure simultanée de deux propriétés mécaniques et de deux propriétés

électriques des sédiments à des résolutions verticales variant entre 3 et 17 cm (Tableau S.l). Un cône de

15 cm2 doté d'un bout conique à 60o a été utilisé conformément aux nonnes ASTM D3441 (ASTM

2000). Pour les sondages, le cône est enfoncé verticalement dans le sol à un rythme constant de 2 cmls,

bien que ce rythme doive être ralenti lorsque le pénétromètre atteint des couches compactes. À l'intérieur

de la sonde CPT, deux jauges de force mesurent de façon indépendante la résistance à I'enfoncement (4

de la sonde et la friction latérale (^f) le long du cône (Lunne et al.1997). La résolution verticale de ?et de

S est de 4 cm et 17 cm, respectivement. Une jauge de pression est également utilisée dans le cône pour

mesurer la pression d'eau interstitielle lorsque la sonde est enfoncée dans le sol. La pression interstitielle

est un indicateur de présence d'argile et a été utilisée pour corriger les mesures de Z. La sonde SMR est

quant-à-elle composée de quatre électrodes branchées directement derrière le pénétromètre (Shinn el a/.

1998). Les deux bagues intérieures espacées de 3 cm servent à mesurer la capacitance du sol. La sonde de

capacitance utilise une fréquence de 100 MHz, réduisant ainsi les effets du type de sédiments sur la

mesure. Lorsqu'elle pénètre le sol, la sonde de capacitance mesure les variations du signal à haute

fréquence qui sont liées à la teneur en eau du sol et ces valeurs peuvent être convertis empiriquement en

valeur de constante diélectrique (D).La mesure de la résistivité électrique (R) emploie les deux bagues

extérieures de la sonde SMR séparées de 9 cm pour appliquer un courant et mesurer la chute de tension

(configuration pôle-pôle). La sonde fonctionne à une fréquence de I 000 Hz afin de réduire les effets de

polarisation des sédiments.

Tel que mentionné précédemment, la Figure 5.6 montre les types de sédiments déduits des mesures CPT

pour illustrer de façon plus détaillée la stratigraphie généralement observée dans la région d'étude de St-

Lambert. Les profils lithologiques sont obtenus par la conversion des propriétés mécaniques (I et ̂ 9) des

sédiments en utilisant la classification proposée par Fellenius et Eslami (2000). L'interprétation combinée
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des sondages CPT/SMR et des levés géoradar a permis de reconnaitre deux contextes hydrogéologiques

distincts dans la région d'étude, comme indiqué par la délimitation des zones sableuse et silteuse à la

Figure 5.6. La limite approximative entre les zones sableuse et silteuse pour toute la région d'étude est

indiquée à la Figure S.4c (ligne blanche pointillée). La Figure S.4c montre également que les sondages

CPT/SMR sont répartis sur I'ensemble de la région d'étude de manière à couvrir l'étendue complète des

propriétés mécaniques et électriques. Tel que suggéré à la Figure 5.6, les emplacements des sondages ont

aussi été choisi pour caractériser les changements progressifs de texture des sédiments afin de mieux

définir la continuité latérale de l'hétérogénéité de l'aquifère.

Figure S.7 Photos de l'équipement utilisé pour la réalisation des sondages CPT/SMR par enfoncement: (a) pénétromètre
(paramètres .S et 7) et sonde SMR (paramètres D et À); et (b) système d'enfoncement motorisé sur chenilles (Geotech
60sD).
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Figure S.8 Exemple de profils CPT/SMR (lignes rouge), de propriétés hydrauliques (lignes bleues) et tithologique obtenus au puits Pl7. Les paramètres CPT/SMR sont
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2.5 Installation de puits par enfoncement

En s'appuyant sur les mesures CPT/SMR obtenues en temps réel durant les opérations de sondage, 25 des

53 emplacements de sondage ont été choisis pour installer des puits d'observation qui seront utilisés,

entre autres, pour effectuer des essais hydrauliques (Figure S.4c et Tableau S.1). Chacun des puits a été

installé dans le même trou créé par le sondages afin d'obtenir des données hydrauliques et géophysiques

co-localisées, réduisant ainsi l'incertitude liées à la disparité des intervalles de mesures. Chaque puits

d'observation a également été installé immédiatement à la suite de chaque sondage avec le même système

d'enfoncement (Geotech 605D) afin de réduire au minimum le temps de mobilisation et de

démobilisation de l'équipement.

L'installation de puits par enfoncement a suivi la procédure d'installation par crépine protégée proposée

par ASTM (2004). Cette procédure d'installation n'exige pas I'utilisation de sable filtrant et la crépine du

puits est en contact direct avec les sédiments. Ce type d'installation convient bien aux essais hydrauliques

effectués sur de petits intervalles parce qu'il réduit la formation de court-circuit hydrauliques lors des

tests. La procédure d'installation comprend, en premier lieu, le martelage d'un tubage métallique de

7.72 cm (3 po) de diamètre extérieur doté d'une pointe non récupérable sur sa base (Figure S.9). Cette

pointe est utilisée pour éviter I'entrée de sédiments dans le tubage métallique lors de l'enfoncement pour

la mise-en-place. Lorsque le tubage de métal atteint la profondeur désirée, un puits d'observation de 5.1

cm (2 po) de diamètre intérieur (tubes pleins et crépine de PVC) est ensuite inséré à l'intérieur du tubage

de métal, bien appuyé sur la pointe non récupérable. Enfin, le tubage de métal est retiré jusqu'à la surface

pour exposer le puits d'observation à la formation, tandis que la pointe non récupérable reste au fond du

sondage. Notons que les diamètres du tubage de métal et du puits en PVC sont ajustés pour assurer un

effondrement complet des sédiments sur le puits d'observation après le retrait du tubage métallique.

Pour la présente étude, des puits d'observation dotés de crépines couvrant la totalité de la zone saturée ont

été installés pour permettre la mesure de profils continus des propriétés hydrauliques lors des essais

hydrauliques. La longueur des crépines utilisés dans tous les puits varie de 4.6 à 16.8 m. Chacun des puits

par enfoncement a également été développé de façon exhaustive après leur installation pour nettoyer la

crépine et les sédiments environnants affecté lors des opérations d'installation (Butler 1998; Henebry et

Robbins 2000). Chaque puits a donc été développé par pompage-pistonnage à des intervalles de 0.5 m à
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I'aide d'une pompe inertielle de type Waterra dotée d'une bague de développement et ce jusqu'à ce que

plus aucune turbidité ne soit observée dans I'eau pompée (Paradis et al.20ll).

Figure S.9 Photos d'une installation de puits par enfoncement: (a) tubage de PVC (blanc) inséré à I'intérieur du tubage
de métal utilisé pour I'enfoncement à travers les sédiments; (b) pointe perdue placée à la brse du tubage de métal pour

éviter I'entrée des sédiments dans ce tubage; et (c) tubage de PVC installé avant le scellement du puits en surface (le

tubage est plein dans ca partie supérieure et crépiné sur la majeure partie saturée en eau de I'aquifère). Voir aussi
Paradis et al. (2011) pour les détails de l'installation des puits par enfoncement.

2.6 Échantillonnage des sédiments

En général, après chaque sondage CPT/SMR, les sédiments composant l'aquifère ont été échantillonnés à

proximité des sondages (l à 2 mètres). L'échantillonnage a été effectué à I'aide d'un échantillonneur à

piston (échantillonneur Macro-Core de Geotech) permettant la récupération de sédiments à I'intérieur

d'une gaine transparente en PETG de 38 mm de diamètre et de 1.52 m de longueur (Tableau S.l et Figure

S.l0a). Cette méthode a principalement été choisie parce qu'elle préserve la sfatification naturelle des

sédiments, un élément fondamental pour I'analyse des structures sédimentaires et pour l'estimation de K,

en laboratoire avec des essais au perméamètre. Les échantillons ont été prélevés avec le même système

par enfoncement (Geotech 605D) que celui utilisé pour les sondages CPT/SMR et les installations de

puits. Ceci permet donc la réalisation d'une série d'opérations de terrain au même endroit en une seule

mobilisation du système par enfoncement. Les intervalles d'échantillonnage ont été choisis en fonction
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des réponses CPT/SMR obtenus en cours de sondage. Plus de 75 carottes ont été prélevés de façon

sélective avec une récupération des sédiments estimée à 83 %.

Figure S.l0 (a) Carottes de sédiments de 1.5 m récupérées avec l'échantillonneur de sol à piston; (b) sous-échantillons de
15 cm placés dans des perméamètres à charge variable pour mesurer la conductivité hydraulique verticale.

2.7 Essais pour mesurer la conductivité hydraulique horizontale

2.7.1 Tests de perméabilité à choc hydraulique multi-niveaux

Les valeurs de K6, telles que celles présentées à la Figure S.8, utilisées pour établir les relations avec les

données CPT/SMR, ont été obtenues au moyen de tests de perméabilité (slug lesls) réalisés à plusieurs

niveaux dans les puits installés par enfoncement. Comme les puits sont dotés de crépines couvrant la

totalité de I'aquifère, des profils continus de K7, peuvent ainsi être obtenus. Comme I'illustre la Figure

S.ll, une série de tests de perméabilité multi-niveaux nécessite I'utilisation d'obturateurs pour isoler

successivement chacun des intervalles testés (Sellwood et a\.2005; Zemansky et McElwee 2005; Ross et

McElwee 2007). Les chocs hydrauliques utilisés pour initier les tests ont été produits à I'aide d'un

système pneumatique (Levy et Pannell, l99l), tel qu'illustré à la Figure S.l0b, et les réponses

hydrauliques correspondantes ont été interprétées en utilisant la méthode de Bouwer et Rice (1976). Une

description plus détaillée du montage expérimental des essais, de leur réalisation et de leur analyse est

foumie par Paradis et al. (2Dll). Les tests ont été effectués sur des intervalles de 15cm afin de réduire
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l'incertitude liée à la disparité des échelles entre les mesures hydrauliques et CPT/SMR. Aussi, des petits

intervalles de mesures permettent, pour des aquifères relativement homogènes, d'approcher l'hypothèse

d'isotropie pour K (Kn=K,), ce qui pemet de simplifier la caructérisation de K. Un total de 280

intervalles choisis selon les mesures CPT/SMR obtenues précédemment a fait l'objet de tests de

perméabilité (Tableau S. l).

Système d'initiation
de tests

pneumatique

Offirrdeur

Gréplne
système

dintiatkm

Crêpine
du pnits

Figure S.l1 (a) Système d'initiation pneumatique pour les tests de perméabilité (slug tests); (b) système à doubles
obturateurs avec crépine pour isoler des intervalles spéciliques dans le puits d'observation; et (c) schéma d'un essai de
perméabilité multi-niveaux.

2.7.2 Débitmètre de puits

Dans le cadre de cette thèse, Paradis et al. (2011) ont adapté l'utilisation du débitmètre de puits pour les

formations granulaires afin d'améliorer I'efficacité de la caractérisation de Kr,. Comme I'illustre la Figure

S.12, un test de perméabilité au moyen d'un débitmètre comprend la mesure de I'apport d'eau souterrain

à un puits à différentes profondeurs lorsque ce puits est pompé en régime permanent. Ceci permet

d'obtenir un profil vertical de Ka selon I'hypothèse que K est proportionnel à l'apport d'eau (Hess 1986).

Bien que le débitmètre soit couramment utilisé dans des puits ouverts pour analyser les formations

c
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rocheuses consolidées, relativement peu d'études ont utilisé le débitmètre dans les formations granulaires

à cause des problèmes reliés à la réalisation des essais dans des puits aménagés avec sable filtrant.

Décharge
pompe

(Qpoupe)

Décharge
débitmètre

(Qoeanuerae)

hfiltration
aquifère

<_

<_

+
+

+
{-

Figure S.l2 (a) Photo d'un débitmètre de puits électromagnétique. Le centre du cylindre inférieur est ouyert à sa base et
permet l'écoulement vertical de I'eau. Ce cylindre contient la bobine à induction pour la mesure du champ
électromagnétique proportionnel à la vitesse d'écoulement de I'eau (Paradis et al.20ll). Le cylindre supérieur contient le
système d'acquisition. (b) Schéma d'un essai avec débitmètre de puits. Le débitmètre est déplacé par paliers successifs
pour I'obtention de la courbe cumulative du débit pompé dans le puits dans I'aquifère présenté en (c).

Dans leur étude, Paradis et al. (2011) ont décrit l'application du débitmètre dans des puits par

enfoncement pour mesurer des profils de K1, et délimiter les HF dans les aquifères granulaires

hétérogènes. La principale adaptation du débitmètre pour les aquifères granulaires est I'utilisation de puits

par enfoncement sans sable filtrant et dotés de longues crépines, selon l'installation décrite

précédemment, pour éviter les courts-circuits hydrauliques qui biaisent habituellement les tests de

débitmètre dans les puits conventionnels (avec sable filtrant). L'effet de I'installation des puits par

enfoncement sur les mesures de Kr, dans les dépôts granulaires a tout d'abord été évalué en s'appuyant sur

certaines études géotechniques antérieures indiquant que de telles installations perturbent minimalement

les propriétés mécaniques des sédiments entourant la crépine. Par la suite, des profils de Kr, de haute

résolution (15 cm) obtenus dans des puits par enfoncement avec un débitmètre et au moyen d'essais de
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perméabilité multi-niveaux ont été comparés pour des intervalles identiques. Pour 119 intervalles testés

dans cinq puits différents, la différence de valeurs de logKy, obtenue à partir des deux méthodes est

systématiquement inférieure à l0 % (Figure S.l3). De plus, tel que discuté plus loin, un profil de Kr, avec

le débitmètre est obtenu en une fraction du temps nécessaire pour obtenir le même profil avec des tests de

perméabilité multi-niveaux. Enfin, une approche graphique permettant l'interprétation des profils de

débitmètre pour délimiter des zones homogènes de Kr, est aussi proposée, fournissant ainsi une méthode

en vertu de laquelle l'échelle et les contrastes de K dans les aquifères granulaires hétérogènes peuvent

être représentés, ce qui facilite la représentation spatiale de I'hétérogénéité des aquifères.
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Figure S.l3 Comparaison des mesures de conductivité hydraulique horizontale ((1) obtenues avec le débitmètre et les
essais de perméabilité (slug lesls) multi-niveaux pour cinq puits à une résolution verticale de 15 cm. La différence dans
les valeurs de logtKl obtenue par les deux méthodes est montrée par rapport à la moyenne des deux types de mesures à
chacun des intervalles. Les intervalles de confiance de 95o/o (moyenne+1.96 écart-type) montrés supposent une
distribution normale des différences.

2.8 Essais pour mesurer la conductivité hydraulique verticale

2.8.1 Perméamètre de laboratoire

Pour vérifier l'hypothèse d'isotropie de K à des intervalles de 15 cm, 59 échantillons de sédiments de

15 cm de longueur ont été choisis dans le but de mesurer K" au laboratoire à l'aide d'essais avec un

perméamètre (Figure S.7 et Tableau S.1). Pour réduire au minimum la perturbation des structures

sédimentaires des échantillons de sol, un perméamètre de laboratoire à charge variable automatisé conçu

pour loger directement la gaine de PETG de 38 mm de diamètre comprenant les échantillons de

sédiments a été développé pour déterminer Ku, tel qu'illustré à la Figure S.l0b. Chaque échantillon

original de sol de 1.52 m de longueur a été subdivisé en sous-échantillons de l5 cm de longueur selon les

intervalles soumis à des tests de perméabilité multi-niveaux. Des duplicata effectués sur plusieurs sous-
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échantillons ont indiqué un niveau élevé de reproductibilité des valeurs de K, et toutes ces valeurs ont été

corrigées pour une température des eaux souterraines de 8 oC, représentative des conditions observées sur

le terrain. Paradis et Lefebvre (2013) fournissent une description plus détaillée du montage expérimental

et de la procédure d'analyse des essais. Comme le montre la Figure S.8, la comparaison des mesures de

Kl,avaa celles de K, au même profondeurs révèle que l'hypothèse d'isotropie à des intervalles de 15 cm

ne tient habituellement pas, avec des valeurs de K" jusqu'à deux ordres de grandeur plus faibles que Kr,.

Ceci indique que Kà et K" devraient toutes deux être estimées pour chacun des intervalles de 15 cm afin

de caractériser K pour la région d'étude et prédire adéquatement l'écoulement de I'eau souterraine et le

transport de masse. Bien que les essais avec un perméamètre puissent être fiables pour estimer K, dans

des conditions favorables, les difficultés liées à la collecte et à la manipulation des échantillons de

sédiments peuvent toutefois limiter la capacité à obtenir des estimations fiables de K" dans certaines

conditions plus difficiles, comme avec les sables grossiers (Stienstra et van Deen 1994). De plus, les

essais effectués avec un perméamètre peuvent également prendre beaucoup de temps lorsque plusieurs

mesures sont nécessaires (Klute et Dirksen 1986) et sont donc généralement restreints à un petit nombre

d'échantillons.

2.8.2 Tests d'interférence verticale à choc hydraulique

Diverses méthodes de terrain permettent la mesure de K1,, mais K" est rarement mesurée, faute de

disponibilité de tests pratiques applicables sur le terrain. Dans le cadre de I'effort de caractérisation relié à

cette thèse, Paradis et Lefebvre (2013) proposent des tests d'interférence verticale à choc hydraulique

pour mesurer efficacement K, sur le terrain. Ces tests sont une adaptation des tests d'interférence entre

puits pour la mesure à un seul puits. Comme l'illustre la Figure S.14, un test d'interférence verticale est

effectué dans un puits unique, entre un intervalle d'observation et un intervalle émetteur, isolé

verticalement au moyen d'un montage composé de trois obturateurs pneumatiques. Un choc hydraulique

est produit dans I'intervalle émetteur et les variations de charges hydrauliques qui en découlent sont

enregistrées dans I' intervalle émetteur et d' observation.
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Figure S.l4 (a) Schéma d'un essai d'interférence vertical à choc hydraulique. (b) Réponses hydrauliques tyPes pour
I'intervalle émetteur et I'intervalle d'observation (noter les échelles différentes pour ces deux intervalles).

Dans une étude sur le terrain visant à valider le principe du test proposé, l2 tests d'interférence verticale

ont été effectués séquentiellement dans un puits aménagé dans un aquifère modérément hétérogène et très

anisotrope composé de silts et de sables littoraux. Une méthode par enfoncement a été utilisée pour

installer le puits sans sable filtrant et avec une longue crépine afin de permettre la mesure des propriétés

hydrauliques in situ des sédiments et réduire au minimum les interférences entre les éléments de

construction du puits et les essais hydrauliques. Les charges hydrauliques mesurées en fonction du temps

dans f intervalle émetteur et d'observation des douze essais ont été simultanément inversées

numériquement avec l'algorithme de Bohling et Butler (2001) pour reconstruire les profils hétérogènes de

K6, de I'anisotropie de la conductivité hydraulique (KJKù et de I'emmagasinement spécifique (S"). Les

charges simulées résultant de I'inversion ont été comparées aux charges observées et les propriétés

hydrauliques du modèle comparées aux valeurs de K1, et K" obtenues par des tests de perméabilité multi-

niveaux et par des essais en laboratoire avec perméamètre. Comme le montre la Figure S.15, le profil de

Ku obtenu au moyen des tests d'interférence verticale suit un patron semblable avec la profondeur à celui

obtenu au moyen d'un perméamètre sur des échantillons de sédiments recueillis sur les mêmes intervalles

que les tests d'interférence. Cela démontre que les tests d'interférence verticale à choc hydraulique
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peuvent foumir une base adéquate pour la caractérisation de Kn, tel que généralement obtenus des

méthodes conventionnelles, et aussi de S, et de K,, ce qui est difficilement possible autrement.

Tests multi-niveaux (15 cm) ! Perméamèlre (15 cm) Inversion numérique
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I
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Figure S.l5 Profils verticaux mesurés de -K1 (essais de perméabilité multi-niveaux) et de r(, (perméamètre) comparés aux
profils prédit par Itinversion numérique de plusieurs essais d'interférence vertical à choc hydraulique.

2.8.3 Tomographie à choc hydraulique

Un deuxième type d'essai pour estimer Ku,la tomographique à choc hydraulique, a également été élaboré

par Paradis et al. (2014q'2014b). Comme I'illustre la Figure S.16, la tomographique à choc hydraulique

est une généralisation sur plusieurs puits des tests d'interférence verticale qui comprend la réalisation

d'une série de tests de perméabilité à choc hydraulique entre obfurateurs dans un puits émetteur avec

l'enregistrement simultané des variations de charges hydrauliques dans l'intervalle émetteur et dans des

intervalles d'observation aménagés dans un puits adjacent. La justification derrière la tomographie

hydraulique est de déterminer les hétérogénéités locales entre les puits qui peuvent passer inaperçues à la

suite d'essais sur un puits unique et de mieux représenter la variabilité spatiale des propriétés

hydrauliques.
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Puits
émetteur
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observation

['igure 5.16 Schéma d'un essai de tomographie à choc hydraulique entre deux puits. Les réponses hydrauliques à
l'intervalle émetteur et dans les intervalles d'observations sont similaires aux courbes de la Figure S.14b.

L'étude fondamentale de Paradis et al. (2014a) visait à évaluer de manière quantitative le contenu en

information des variations de charges hydrauliques associées à une analyse transitoire d'une

expérimentation de tomographie à choc hydraulique et donc d'évaluer la capacité d'une telle

expérimentation à résoudre I'hétérogénéité des propriétés hydrauliques dans un plan vertical entre deux

puits. Une analyse de sensibilité et de résolution a donc été effectuée à l'aide de données synthétiques

reflétant les caractéristiques de I'aquifère littoral de St-Lambert. Les résultats indiquent que la

perturbation des charges induite par un test à choc hydraulique produit des patrons de sensibilité

transitoire distincts dans les intervalles émetteur et d'observation, permettant ainsi la résolution

indépendante de K6 KJKn et & dans le plan d'investigation et ne présente qu'une faible interférence des

paramètres au-delà de ce plan (Figure S.17). Ceci est une importante généralisation par rapport aux

approches de tomographie hydraulique actuellement proposées, puisqu'à ce jour la tomographie

hydraulique n'avait été proposée que pour estimer Kr.
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Figure S.l7 Sensibilités normalisées de la charge hydraulique par râpport aux propriétés hydrauliques pour un intervalle
d'observation dans un aquifère homogène et ânisotrope suite à une perturbation hydraulique produite dans un intervalle
émetteur. La configuration expérimentale est similaire à la Figure 5.16 avec une distance entre le puits émetteur et
d'observation d'approximativement 8 m. Les indices I et 2 réfèrent respectivement aux paramètres à I'intérieur et à
l'extérieur de la région d'investigation comprise entre les puits émetteur et d'observation.

Cependant, la résolution latérale de chacun des paramètres hydrauliques est principalement centrée à

proximité des puits émetteur et d'observation (Figure S.l8). Bien que la résolution verticale puisse être

augmentée en utilisant de plus petits intervalles émetteurs, la résolution latérale ne peut être augmentée en

utilisant seulement les charges hydrauliques. En effet, le caractère dispersif de l'équation décrivant la

propagation de la charge hydraulique dans I'aquifère et la géométrie de I'expérimentation sont des

contraintes importantes pour la résolution latérale, même en utilisant un ensemble dense d'intervalles

émetteurs et d'observation. Ces contraintes ne sont pas dues à I'amplitude de la perturbation hydraulique

qui peut être générée, mais plutôt à la corrélation élevée qui existe entre les paramètres hydrauliques dans

le plan d'investigation. Ainsi, une analyse transitoire de la tomographie à choc hydraulique permet

uniquement la caractérisation des propriétés hydrauliques hétérogènes à une résolution relativement

grossière. Pour une définition à plus haute résolution, de I'information supplémentaire doit être intégrée

dans le processus d'inversion numérique.
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Figure S.lE Éléments de la diagonale de la matrice de résolution associés avec une analyse transitoire des réponses
hydrauliques pour les intervalles émetteurs et d'observations de 13 essais de perméabilité (slug tests). L'analyse est basée
sur la troncation d'une décomposition en valeurs singulières avec une erreur relative dans I'estimation des paramètres de
loÂ. Le niveau de bruit utilisé est de 1xl0-' m et correspond au niveau calculé avec I'instrumentetion utilisée sur le
terrain.

L'objectif de l'étude de Paradis et al. (2014b) consistait quant-à-elle à évaluer le potentiel de la

tomographie à choc hydraulique, comme I'ont démontré Paradis et al. (20I4a), dans des conditions

réelles de terrain telle que celle rencontrées pour l'aquifère littoral hétérogène et anisotrope de St-

Lambert. L'algorithme de Bohling et Butler (2001) a été utilisé pour l'inversion numérique de la

tomographie effectué entre deux puits comprenant 12 tests à choc hydraulique pour un total de 58

intervalles d'enregistrement des variations de charges hydrauliques. L'exactitude des tomogrammes de

Kn, KJK; et S" a été vérifiée au moyen de la simulation d'essais hydrauliques multiéchelles, non utilisés

pour I'inversion, et avec des profils de Kn et de K, provenant d'autres essais de terrain et de laboratoire.

Comme l'illustre la Figure S.19, les estimations de K5 et de K" obtenus avec la tomographie se comparent

bien aux autres mesures. De plus, les différences entre les charges observées et prédites à partir d'essais

multi-échelles indépendants montrent peu d'erreurs dans les estimations des paramètres hydrauliques.
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Cette étude a donc démontré la capacité de la tomographie à choc hydraulique à définir des champs

hétérogènes de K6, KJKn et & entre puits pour des conditions de terrain hétérogènes et anisotropes. Cette

approche élargit donc les possibilités des méthodes hydrauliques en fournissant des renseignements à

propos de I'hétérogénéité de Kr, habituellement déterminée par les méthodes conventionnelles, mais aussi

à propos de I'hétérogénéité de KJKn et &, ce qui est rarement possible avec les méthodes

conventionnelles.

-7 -6 -5 -4
Kâ (m/s)

Figure S.19 Tomogrammes des paramètres hydrauliques résultant de l'inversion de tomographique t2lrl7 : (z)
conductivité hydraulique horizontale (fi); (b) anisotropie de la conductivité hydraulique (K"lK); et (c) emmagasinement
spécifique (^S"). Cette figure montre aussi les profils des propriétés hydrauliques prédit par I'inversion pour les puits P2l
et P17 ainsi que les profils de K1 et Ku obtenus respectivement des essais de perméabilité (slug fesls) multi-niveaux et des
tests âvec perméamètre sur des échantillons de sédiments.
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2.9 Mesures de porosité et analyses granulométriques en laboratoire

À la suite des mesures de Ku en laboratoire avec un perméamètre sur des carottes de sédiments, des sous-

échantillons ont été récupérés et saturés afin de mesurer la porosité totale (n) des sédiments (Figure S.8).

La n a été estimée en soustrayant les poids sec et humide de chaque sous-échantillon de 15 cm (Tableau

S.1). Pour obtenir le poids sec, les sous-échantillons ont été séchés dans un four à 50 oC pendant plus de 7

jours. Le nombre total de sous-échantillons dont n a fait l'objet de mesures a été de 43. Les sous-

échantillons ont également été soumis (Figure S.8 et Tableau S.l) à une description géologique et à

l'analyse granulométrique par diffusion de la lumière laser (Vitton et Sadler 1997) afrn de fournir des

renseignements géologiques complémentaires aux mesures hydrauliques et géophysiques.

3 Intégration des données

3.1 Aperçu de la méthode d'intégration des données

La méthodologie générale adoptée dans cette étude pour I'intégration des données suit le schéma illustré à

la Figure S.20. Les travaux d'acquisition de données présenté à la Figure S.3 mène à la collecte d'un

ensemble de données représentatif des conditions hydrogéologiques du site à l'étude (voir l'encadré

intitulé << Données d'entrainement >> à la Figure S.20). Cet ensemble de données comprend principalement

des mesures hydrauliques, comprenant K1,, Ku et n, et les mesures géophysiques des paramètres S, T, D et

R. Notons que lors de I'acquisition un effort particulier a été investi pour I'obtention d'un ensemble de

données hydro-géophysiques co-localisé, c'est-à-dire avec des intervalles de mesures pour chacun des

paramètres aussi prêt possible I'un de l'autre. Cet ensemble de données d'entrainement est utilisé pour

définir les modèles d'HF, les relations hydro-géophysiques et les relations hydrauliques à l'aide d'une

approche par machine d'apprentissage (voir l'encadré intitulé < Définition des relations > à la Figure

S.20). Soulignons que la définition des modèles d'HF et des relations hydro-géophysiques entre K1, et les

données CPT/SMR sont décrites de façon détaillée par Paradis et al. (2011;20l4c) et seuls les principaux

résultats sont résumés dans cette synthèse. Une fois les modèles d'HF et les relations hydro-géophysiques

définis et validés, les données CPT/SMR (pour lesquelles aucune mesure hydraulique n'est disponible)

sont utilisées pour prédire les HF et K6, tandis que les relations hydrauliques sont utilisées pour estimer K"

et n à partir des valeurs de K6 (voir I'encadré intitulé < Vérification et prédiction > à la Figure S.20).

Enfin, les distributions spatiales des HF ainsi que de K6 K et n dans la zone d'étude sont obtenues par

interpolation (voir l'encadré intitulé < Interpolation >r à la Figure S.20). Dans le reste de cette section,

35



I'application du processus d'intégration des données de la Figure S.20 est illustré pour la section A-A' de

la Figure 5.6. Soulignons que pour les besoins d'illustration de cette synthèse, les résultats du processus

d'intégration des données ne sont illustrés que pour la section A-A', mais que la représentation de

l'hétérogénéité des propriétés hydrauliques pourrait être fait pour I'ensemble de la région d'étude puisque

les données d'entrainement ont été acquise de manière à être représentatives de I'ensemble de cette

région.

3.2 Données hydro-géophysiques d'entrainement

Pour être comparées adéquatement aux mesures de Kr, et pour définir des modèles d'HF et des relations

hydro-géophysiques fiables (Isaaks et Srivastava 1989), les données CPT/SMR ont tout d'abord été ré-

échantillonnées sur une grille régulière et ensuite été remises à la même échelle verticale que les mesures

de Kn. En effet, bien que les mesures CPT/SMR aient été prises à un intervalle de temps régulier, la

vitesse de pénétration des sondages n'est pas toujours constante. Les mesures CPT/SMR ont donc été ré-

échantillonnées sur une grille régulière de 2 cm par intégration trapézoïdale (Davis 1973). Ensuite,

I'uniformisation à 15 cm des échelles verticales de mesures de chacun des paramètres CPT/SMR

(Tableau S.1) a été réalisée à l'aide d'une moyenne mobile. Le nombre de mesures utilisées pour faire la

moyenne mobile a été déterminé selon l'échelle verticale originale de chaque paramètre CPT/SMR.

Les statistiques descriptives des paramètres hydrauliques et CPT/SMR pour les données d'entrainement

sont présentées au Tableau S.2. Étant donné que la plage de valeurs des paramètres peut varier de

quelques ordres de grandeur pour la plupart des paramètres, une transformation logarithmique a été

appliquée pour rendre leur répartition plus normale, comme I'illustrent les histogrammes des Figures S.2l

etS.22. La plage de valeurs de chacun des paramètres est semblable, sauf celle du paramètre D et celle de

n, qui ont des distributions passablement plus étroites que les autres paramètres.

En ce qui concerne les paramètres hydrauliques, Ka et K" varient de deux ordres de grandeur, tandis que r

varie de moins d'un quart d'ordre de grandeur, tel que couramment observé (Castany 1963; Bear 1979;

Freeze et Cherry 1979). Ceci suggère que la caractérisation de K est plus importante que celle de n parce

que l'étendue des variations de K est en général plus grande que celle de n, et parce que K agit de manière

à changer à la fois la magnitude et la direction du transport advectif, contrairement à n, qui ne change que

la magnitude (Koltermann et Gorelick 1996).
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Données CPT/SMR (sans iKh)

Données d'entralnement Deflnitlon des relations Vérification et prédiction

Valeurs
Kvel n

Interpolation

interpolatlon
HF

Kh el
CPTISMR
(par HF)

Distribution
spatiale HF

interpolation
Kh, Kvel n

Distributions
spatiales

Kh. Kvel n

Kh, Kv
e t n

Kh, Kv, n
Relations KEKvel Klrn

(par HF)

Déflnltlon relatlons
hydrauliquee

Figure S.20 Processus général d'intégration des données pour la définition de I'hétérogénéité des propriétés hydrauliques, tel qu'appliqué au site de St-Lambert. Les
données CPT/SMR sans mesures de .K1 sont utilisées pour la prédiction de .Kp ou pour vérifier la précision des relations déIinies en utilisant une fraction (20%) des

données d'entrainement. Les acronymes sont: ^S pour friction, T pour résistance en pointe, D pour constante diélectrique, À pour résistivité électrique, -K1 pour

conductivité hydraulique horizontale ,K, pour conductivité hydraulique verticale, n pour porosité, HF pour hydrofaciès et RVM pour Relevant Vector Machine.
Abréviations: class. (classification), rég. (régression), interp. (interpolation).
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Tableau S.2 Statistiques descriptives des données pour les paramètres hydrauliques (ft: conductivité hydraulique
horizontale (m/s); IÇ: conductivité hydraulique verticale (m/s); n: porosité totale (fraction du volume)) et CPT/SMR (^S:
friction (kPa); î: pression en pointe (kPa); D: constante diélectrique (-);.R: résistivité électrique (ohm'm)) utilisés comme
données d'entrainement.

Paramètre Nombre Moyenne Médiane Min. Max. Plage 
É:-ltl- 

Skewness Kurtosis- rype

logS

logT

loù

logÀ

logKo

logK"

logn

280

280

280

280

280

59

43

t .74

3 .94

1 . 3 9

2 . 1 6

-5.04

-6.40

-0.45

t .76

4.00

1 . 3 9

2 . 1 6

-5.05

-6.39

-0.45

2.36

2 .01

0.29

1.47

2.32

2.72

0 .16

0 .31

0.29

0.06

0.25

0.57

0.71

0.03

0 .15  2 .5 r

2.4r 4.42

1 .24  1 .53

l  .6  l  3 .08

-6.24 -3.92

-7.56 -4.84

-0.53 -0.37

-0.96 2.94

-1.44 3.63

0.36  0 .85

r .09 3.25

0 .09  -1 .10

0.40 -0.62

-0.09 0.95

Tableau S.3 Matrice de corrélation des données pour les paramètres hydrauliques (.Ky,: conductivité hydraulique
horizontale (m/s); I(": conductivité hydraulique verticale (m/s); z: porosité totale (fraction du volume)) et CPT/SMR (S:
friction (kPa); ft pression en pointe (kPa); D: constante diélectrique (-); .R: résistivité électrique (ohm.m)) utilisés comme
données d'entrainement.

Paramètre logS logT logD logR logK* logK, logn

logS

logT

loeD

logR

logK,

logK"

logn

1.00

0.70 1.00

-0.02 0.16

0.06 0.40

-0.02 0.29

-0.27 -0.02

-0.24 -0.19

1.00

0.2r 1.00

0.33 0.s2

-0.09 0.20

-0.25 -0.29

1.00

0.59 1.00

1.00

0.37

0.30
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Les graphiques présentés aux Figures S.21 et S.22 ainsi que la matrice de corrélation présentée au

Tableau S.3 illustrent les relations qui existent entre tous les paramètres hydrauliques et géophysiques.

Comme I'indique le Tableau S.3, les corrélations entre Kn et chacun des paramètres CPT/SMR sont

faibles à modérées, sauf dans le cas de ̂ S pour lequel la corrélation est nulle. Pour les trois paramètres

hydrauliques entre eux, les corrélations sont modérées et varient entre 0.37 et 0.59. Cette absence de

fortes corrélations entre les divers paramètres hydro-géophysiques laisse donc présumer que la définition

des relations pour prédire l'information hydraulique à partir de mesures CPT/SMR peut être une tâche

difficile en raison de la non-linéarité des relations liants I'ensemble des données hydro-géophysiques.

Dans la prochaine section, une approche d'intégration des données utilisant des machines d'apprentissage

est proposée pour relever ce défi.

E
E 3
o
q 2
q)
o

' t 2 3 4 1 . 3  1 . 5 2 3 -6 -5 -4
logS (kPa) logr(kPa) logD (-) logF? (ohm m) logKh (m/s)

Figure S.2l Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale (r(;) et les paramètres

CPT/SMR (S: friction; T: résistance en pointe; D: constante diélectrique; R: résistivité électrique) pour les données
d'entrainement. Le nombre dtintervalles co-localisés est de 280 (E07o des données sont utilisées pour |tentrainement de la

machine d'apprentissage et20V" pour sa vérilication; voir Figure S.20).
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Figure S.22 Matrice de dispersion avec histogrammes pour la conductivité hydraulique horizontale (I(;), la conductivité
hydraulique verticale ((") et la porosité totale (n) pour les données d'entrainement. Le nombre d'intervalles co-localisés
est de 59 pour (1 et Kv, etde 43 pour n.

3.3 Définition des hvdrofaciès

Pour composer avec la non-linéarité des données d'entrainement, une approche par machine

d'apprentissage a été adoptée. L'entrainement de la machine d'apprentissage, illustrée de façon

schématique par les carrés rouges de la Figure S.20, est une procédure en trois étapes qui utilise des

algorithmes de classification (non-supervisée et supervisée) et de régression (supervisée) pour concevoir

des prédicteurs pour les HF et K1 à partir des données CPT/SMR. La première étape du processus

d'entrainement est la définition des HF au moyen d'un algorithme de classification non-supervisé (Dunn

1973; Bezdek l98l; Gustafson et Kessel 1979) en utilisant les mesures co-localisées de K1 et de

CPT/SMR. La principale justification pour la classification non-supervisé est que divers matériaux

géologiques peuvent avoir des comportements hydro-géophysiques différents et le regroupement

statistique permet l'amalgame des caractéristiques hydro-géophysiques semblables sans aucune

connaissance géologique préalable. Aux fins de la présente étude, seules les données de Kr, sont intégrées

dans le processus de classification parce que la quantité moindre de mesures de K, et de r limiterait

I'utilisation de toute les mesures de K7, disponibles. Bien que des relations indépendantes pour K, et pour

n pourraient être élaborées de la même manière que pour K6 uîê intégration a pos/eriori de ces

paramètres est plutôt proposée, tel qu'illustré à la Figure S.20. En raison du caractère non-unique qui
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existe habituellement entre les paramètres hydrauliques et géophysiques (Rubin et Hubbard 2005),

I'exactitude de I'information hydrauliques prédite à partir des mesures CPT/SMR peut souffrir d'une

perte d'information qui est inhérente à la sensibilité des paramètres géophysiques relativement aux

variations des paramètres hydrauliques d'intérêt. Ainsi, une procédure systématique a été appliquée pour

la recherche des paramètres CPT/SMR qui sont les plus sensibles aux changements de valeurs de Ki,, de

manière à maximiser la qualité des prédictions. Le chevauchement des HF dans I'espace géophysique a

été défini comme critère de sélection pour la recherche de la combinaison de paramètres CPT/SMR avec

la meilleure capacité prédictive. Le nombre d'HF et le type de distance de similitude ont également été

incorporés dans cette procédure de recherche. Comme l'illustre la Figure S.23, les résultats de la

procédure de recherche montrent que la capacité prédictive des paramètres CPT/SMR augmente

généralement avec le nombre de paramètres géophysique utilisés, ce qui laisse présumer que le caractère

non-unique entre K1 et les paramètres CPT/SMR est mieux résolu avec un plus grand nombre de

paramètres. Il s'agit là d'une caractéristique fondamentale des relations qui lient les paramètres

hydrauliques et géophysiques.

TDR

o * b E O ( r E O( / ) F F o b

Combinaison
paramètres géoPhysiques

Figure S.23 Erreur de classification liée à la non-unicité des réponses hydrauliques et CPT/SMR pour différentes
combinaisons de paramètres géophysiques et un nombre d'hydrofaciès de quatre. La flèche rouge indique que la
combinaison de paramètres géophysique TDR a été retenue.

La combinaison des paramètres T, D et R avec 4 HF utilisant la distance de Mahalanobis (Gustafson et

Kessel 1979) s'est avérée la classification avec la meilleure capacité prédictive. Les distributions des

données à I'intérieur des HF pour chacun des paramètres géophysiques et de Kr issues de cette expérience
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sont résumées aux Figures S.24a-d. Comme le montre ces figures, les médianes et la plage de valeurs

pour chaque paramètre sont assez distinctes d'un HF à l'autre et ne comportent que quelques valeurs

aberrantes. Les médianes de Kl augmentent de manière progressive de I'HFI à I'HF4 et comportent de

légers chevauchements d'un HF à l'autre qui pourraient être attribués à la complexité des réponses hydro-

géophysiques et à la nature transitionnelle des sédiments littoraux. En outre, chaque HF présente des

profils distincts pour Ky, et pour les paramètres géophysiques telles qu'attendues des divers sédiments qui

composent I'aquifère puisque ceux-ci peuvent présenter des réponses hydro-géophysiques différentes. Par

exemple, l'HF4 a des valeurs médianes plus élevées pour les paramètres T, D, R et K7,, tandis que l'HFl a

des valeurs les plus basses pour les mêmes paramètres.
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Figure S.24 Distributions des données pour chacun des quatre hydrofaciès résultant de la classification non supervisée
(clustering) avec la combinaison de paramètres CPT/SMR donnant le meilleur potentiel prédictif (a-d). Cette
classification utilise la résistance en pointe (7), la constante diélectrique (D) et la résistivité électrique (R) avec la
conductivité hydraulique horizontale ((r). Les distributions pour la conductivité hydraulique verticale (r(u) et la porosité
(n) pour chacun des hydrofaciès sont le résultat d'une intégration a posteriori avec les données CPT/SMR (e-f). Les types
de sédiments pour chacun des hydrofaciès sont basés sur les analyses granulométriques (g). La classification des
sédiments suit la charte de Wentworth (1922): l'échelle phi est basée sur le logarithme en base 2 avec l'exposant négatif
de la granulométrie en mm et la moyenne granulométrique des sédiments (Mz) évaluée à partir de (phil4+phi50+phi84/3
d'après Krumbein et Sloss (1963). Une valerur ile Mz faible correspond à des sédiments grossiers.
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Les distributions de données pour K" et n associé aposleriori à chacun des HF sont également présentées

aux Figures S.24e-f. Basé sur la médiane, le quantile à 25 % et le quantile à 75 oÂ,les HF pour K et n

sont habituellement distincts l'un de l'autre et suivent essentiellement la même tendance que pour K;,,

sauf dans le cas de I'HFI. La comparaison de la valeur médiane pour K;, avec celles de K" pour chaque

HF indique que I'anisotropie de K varie entre 0.05 et 0.2 pour l'HFl et l'HF4, respectivement.

Enfin, des analyses granulométriques ont été réalisés pour fournir une interprétation géologique aux HF,

comme l'illustre la Figure 5.249. Selon la tendance des valeurs minimales et maximales pour la

granulométriques moyennes (Mz) des sédiments, les sédiments plus grossiers sont associés aux HF plus

perméables et poreux. Il importe de noter que le volume de sédiments utilisés pour les analyses

granulométriques est beaucoup plus petit que celui du sous-échantillon de 15 cm et ainsi les valeurs de

Mz peuvent afficher une certaine fluctuation dans un sous-échantillon, ce qui peut expliquer la plus

grande répartition de la granulométrie des sédiments pour l'HFl.

3.4 Définition des modèles d'hydrofaciès, des relations hydro-géophysiques et
des relations hydrauliques

Bien que le processus de classification non-supervisé ait révélé des associations causales entre les

données hydro-géophysiques, ce type de classification ne peut être utilisé pour faire des prédictions.

Donc, les HF définis précédemment et les données appartenant à chacun des HF doivent être utilisés avec

des algorithmes appropriés pour obtenir des modèles prédictifs, tel qu'illustré la Figure S.20. Deux types

de modèle prédictif sont ici utilisés en parallèle. Premièrement, les données CPT/SMR pour chacun des

HF avec les étiquettes des HF déterminés durant la classification non-supervisée sont utilisées pour

entrainer un algorithme de classification supervisé de type RVM pour construire des modèles d'HF. Ces

modèles d'HF permettront de faire la reconnaissance des HF basé sur les mesures CPT/SMR seulement.

Deuxièmement, les mesures de K6 et les données CPT/SMR associés à chacun des HF sont utilisées pour

définir des relations hydro-géophysiques propres à chaque HF à I'aide d'un algorithme de régression

supervisé de type RVM. Le choix des RVMs est justifié par leur capacité à produire des relations ayant

une bonne capacité de généralisation avec des ensembles de données restreints et fortement non-linéaires

(Khalil et al. 2005; Camps-Valls et al. 2006; Samui 2007; Ghosh et Mujumdar 2008). L'idée principale

derrière les RVMs est d'abord d'utiliser une fonction noyau pour linéariser un problème non-linéaire dans

un espace de données de dimensions supérieures afin de faciliter la résolution du problème de régression

ou de classification. Par la suite, le problème linéarisé est résout dans un cadre Bayésien avant d'être
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finalement renvoyé dans l'espace de données non-linéaire original (Tipping 2001). Il est à noter que pour

ce processus d'entrainement des RVM une approche de validation croisée utilisant l'ensemble des

données d'entrainement a été suivi afin de sélectionner les paramètres optimaux des RVM (ex., fonction

noyau et largeur du noyau). Les détails de cette procédure sont présentés par Paradis et al. (2014c).

Pour tester les performances des modèles et des relations obtenues, les données hydro-géophysiques

d'entrainement ont été divisé en des ensembles d'entrainement et de vérification utilisant respectivement

chacun 80% et 20%;o de I'ensemble des données d'entrainement. L'idée étant de simuler les

performances de l'approche proposée tel qu'elle serait appliquée pour prédire les HF et Kn à partir des

mesures CPT/SMR seulement (voir l'encadré intitulé < Vérification et prédiction > à la Figure S.20). Pour

le processus de vérification, les vecteurs des RVMs pour la classification et la régression ont d'abord été

obtenus en utilisant l'ensemble de données d'entrainement (80%) avec les paramètres d'ajustement

optimaux obtenus au cours de l'entrainement. Les performances prédictives des RVMs ont ensuite été

évaluées en utilisant l'ensemble de vérification. Pour éviter le biais dans le choix de ltensemble de

vérification, 100 ensembles d'entrainement et de vérification différents ont été choisies au hasard et

appliquées tour à tour. Les résultats du processus de vérification avec les 100 ensembles montrent que le

pourcentage médian d'HF mal classifiés à la suite de la classification supervisée avec la RVM est de

14%o (Figure S.25a). Étant donné que l'erreur de classification supervisé (Figure S.25a) est proche de

l'erreur de classification obtenue lors de la classification non-supervisée pour cet ensemble de paramètres

(Figure S.23), l'erreur de classification avec la RVM peut être attribuée au caractère non-unique qui

existe entre Kr, et les données CPT/SMR plutôt qu'au manque de performance de la machine. De plus, le

coefficient linéaire médian de corrélation entre les valeurs sur le terrain et celles prédites de K1, obtenues

par la régression supervisée avec la RVM est de 82 % (Figure S.25b).

Bien que les mesures de Kr, soient habituellement faciles à acquérir au moyen d'essais hydrauliques

conventionnels, chacun des HF devrait idéalement être également caractérisé par des valeurs de Ku et de n

pour mieux comprendre l'écoulement et le transport de I'aquifère étudié. Ces mesures de K,et de n sont

toutefois difficiles à acquérir à cause des difficultés généralement rencontrées pour la collecte

d'échantillons de sédiments et leur manipulation en rrue d'éventuelles mesures en laboratoire, tel que

précédemment discuté. Cela limite par conséquent I'acquisition de volumineux ensembles de données

pour ces paramètres et leur intégration statistique direct avec I'ensemble de mesures de Kr, beaucoup plus

important. Pour ce faire, l'intégration des mesures de K" et de n est faite a posteriori, après l'étape de

classification non-supervisée, par association avec les mesures co-localisées de K6, comme l'illustre la
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Figure S.20. Des relations hydrauliques qui lient les mesures de K et de n à Kr, ont donc été construites

pour chacun des HF à l'aide de régression de type RVM et un total de huit relations sont donc disponibles

pour prédire K et n à partir des données de Ka.
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Figure S.25 (a) Matrice de confusion comparant, avec un ensemble de 56 données de vérification, la clessification des
hydrofaciès obtenue par la machine d'apprentissage (RVM) avec la classification originale effectuée par classification non

supervisée (clustering). Les éléments de la diagonale indiquent les observations avec des classifications identiques pour les
deux méthodes (HFl 6/7,860/o;IdF2 18120,90oÂ:' HF3 l1l14,79o/o;IJF4 l3ll5,87o/o; dans I'ensemble 48/56,867o). Les
éléments hors de la diagonale correspondent aux observations mal classifiées par la classification RVM. (b) Comparaison
de la conductivité hydraulique horizontale (r(1) mesurée par les essais à choc hydraulique multi-niveaux avec les
estimations provenant de la régression RVM. Le même ensemble de données est utilisé pour (a) et (b).

3.5 Prédiction et distribution spatiale des hydrofaciès et des propriétés
hydrauliques

Une fois la machine d'apprentissage entrainée de manière optimale, chaque observation CPTiSMR

(vecteur de données pour S, T, D et.R) disponible pour la région d'étude a été converti en information

hydraulique, comme montré aux Figures S.26a-d pour chacun des sondages disponibles le long de la

section géoradar A-A' de la Figure 5.6. Toutes les données CPT/SMR ont été ré-échantillonnées et

remises à une échelle commune de 15 cm avant d'appliquer la procédure de prédiction séquentielle pour

estimer les HF, Kn, K et n, comme l'illustre la Figure S.20. Les paramètres CPT/SMR T, D et R avec 4

HF, comme discuté précédemment dans la section portant sur la classification non-supervisée, ont été

utilisés pour les prédictions. Les résultats de la conversion montrent des profils verticaux distincts pour

les HF et les paramètres hydrauliques pour les zones devant et derrière la barrière de sable, à I'instar de la

tendance observée à la Figure 5.6 avec les pseudo profils sédimentaires. De plus, les données CPT/SMR

converties concordent en général assez bien avec les profils mesurés de K1,, K, et n, comme l'illustrent les

Figures S.26b-d pour l'emplacement Pl7. Prenez note que pour les besoins des prédictions à l'aide de la
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machine d'apprentissage, la totalité des données d'entrainement disponibles a été utilisé pour extraire les

vecteurs des RVMs avec les paramètres d'ajustement optimaux obtenus au cours de l'entrainement. Ceci

permet donc de se servir de toute I'information disponible pour accroitre Ia capacité de généralisation des

RVMs. Les Figures S.26a-d présentent également les distributions spatiales des HF ainsi que de Kn, Ku et

n obtenues au moyen de I'interpolation des données CPT/SMR converties. Bien que plusieurs types

d'interpolateurs existent, pour les besoins de cette thèse des interpolateurs ont été construits à partir de

RVMs utilisant I'information hydrogéologique (HF, Kn, K, ou n) provenant des sondages converties et les

coordonnées spatiales des intervalles de mesures, comme l'ont proposé Smirnoff et al. (2008) pour

I'interpolation utilisant la classification supervisée de type SVM. La Figure S.26a présente la distribution

spatiale des HF le long de la section géoradar de la Figure 5.6 obtenue à la suite de l'interpolation

utilisant une RVM pour la classification. Cette interpolation montre nettement la transition entre la zone

sablonneuse (HFl) et lazone silteuse (HF 2 à 4) avec la juxtaposition de l'HFl plus grossier sur les HF

plus fins, tel qu'on peut le prévoir pour un environnement littoral à cause de la dynamique des vagues et

des marées.

Les Figures S.26b-d présentent également les résultats de I'interpolation de Kr,, K, ou r utilisant des

RVMs pour la régression. Une machine d'apprentissage différente a été construite pour chacun des

paramètres hydrauliques. Pour préserver les relations entre K6, K, et n observées pour l'ensemble des

données d'entrainement (Figure S.22), les mêmes paramètres d'interpolation spatiale ont été utilisés pour

tous les RVMs (classification et régression). Comme l'illustre la Figure S.26b, la zone sablonneuse est

plus homogène et perméable que la zone silteuse. En outre, nous observons une diminution générale des

valeurs de Ki, plus nous nous approchons du rivage (de A vers A') comme nous pouvons le prévoir avec la

réduction des énergies littorales lorsque nous nous déplaçons derrière le barrière de sable. Des

observations semblables peuvent également être faites pour les Figures S.26c-d en ce qui concerne Ku et

n, respectivement.
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4 Discussion

4.1 Efficacité des méthodes de caractérisation de la conductivité hydraulique
horizontale

Bien que les bénéfices de I'adoption du processus d'acquisition et d'intégration des données proposé

puissent être difficiles à quantifier, dans cette section, nous comparons I'efficacité de l'approche

d'intégration des données hydro-géophysiques pour estimer K6 à partir des données CPT/SMR, tel

qu'appliqué dans I'effort de caractérisation présenté dans cette synthèse, avec divers essais hydrauliques

conventionnels. Les essais hydrauliques comparés sont des tests à choc hydraulique multi-niveaux, des

tests avec débitmètre de puits et des essais en laboratoire avec perméamètre réalisés sur des échantillons

de sédiments. Ces méthodes ont été largement utilisées dans la région d'étude, que ce soit aux fins de

production ou de recherche, ce qui permet de faire des estimations assez justes du temps requis pour faire

I'acquisition et l'analyse des données. Aux fins de comparaison, une évaluation du temps nécessaire pour

estimer Kr, à des intervalles de 15 cm le long de 50 profils verticaux d'une longueur de l0 m (500 m au

total) a été fait pour chacune des méthodes. Cette base de comparaison correspond aux caractéristiques

types (nombre total, longueur moyenne et résolution verticale) des sondages CPT/SMR qui ont été

effectués dans le cadre de cette étude (Tableau S.l). Selon les travaux de caractérisation effectués à I'aide

des quatre méthodes choisies tout au long de cette étude, une estimation du temps requis pour

I'acquisition et I'analyse des données aété faite, comme le résume le Tableau S.4 et l'illustre la Figure

S.27. Il importe de noter que les résultats de cette analyse sont représentatifs des travaux effectués par

notre équipe pour le site de St-Lambert et ces résultats pourraient varier selon le contexte géologique et

l'expérience de l'équipe sur le terrain pour d'autre étude similaires.
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Tableau S.4 Temps requis pour différentes méthodes afin d'acquérir 500 m de mesures de conductivité hydraulique
horizontale (r(6) à des intervalles verticaux de 15 cm. Ne considère pas le temps de mobilisation et démobilisation' ni les
tests de contrôle de qualité.

Méthode

Résolution
verticale

(m)

Temps
pâr unité

Temps total pour
5 0 0 m d e . K n à 1 5

cm

(heure)

Commentaires

Sondages CPT/SMR 0.05 à 0.16
1.5 h par
l 0 m d e
sondage

483

Inclus installation puits (48
h), essais K1, multi-niveaux

(280 h) dans 8 puits et analyse
des essais (80 h) pour la

définition des relations hydro-
géophysiques

Inclus temps pour atteindre le
régime permanent du

pompage et l'analyse des
données. Temps total inclus

l'installation et le
développement de 8 puits.

Assume 0.5 h par intervalle
pour I'analyse des essais.

Temps total inclus
l'installation et le

développement de 8 puits.

Inclus temps de préparation
des échantillons et l'analvse.

Débitmètre

Essais perméabilité
(slug tests) multi-

niveaux

Perméamètre

7 hpar
0.15 puits de

1 0 m
700

0 . l 5

0 . 1 5

0.5 h par
intervalle
de 0 .15  m

1.5 h par
intervalle
de 0 .15  m

3633

5r67

Travaux complémentaires

Installation et
développement de

puits

Échantillonnage de
sédiments

6 h p a r
puits de

l 0 m

0.5 h par
carotte de

1 . 5  m

300
Inclus I h pour installation de

puits et 5 h pour le
développement du puits.

Assume conditions
homogènes à l'échelle de

l'échantillon.
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Tel qu'anticipé, les essais avec perméamètre effectués sur des échantillons de sédiments ont nécessité

plus de temps que toute autre méthode (Figure S.27) en raison de la collecte des échantillons sur le terrain

et de leur préparation en laboratoire (Tableau S.4). De plus, bien que des essais avec perméamètre

puissent être effectués de façon continue selon toute la profondeur dans l'aquifère, en pratique la

récupération des sédiments est souvent partielle et peut empêcher la réalisation d'essais pour certains

intervalles. En effet, comme on peut le constater à la Figure S.8, le profil de K à l'emplacement Pl7 est

discontinu parce que la récupération des sédiments était souvent incomplète ou l'état de récupération

souvent non propices à la réalisation d'essais de perméabilité. Il importe de noter également que

I'hypothèse d'isotropie de K (K;K,) devrait être respectée pour obtenir des estimations valides de Kn à

partir d'essais avec perméamètre parce que l'écoulement induit par ce type d'essai est habituellement

perpendiculaire à la stratification naturelle des sédiments. Comme l'illustrent les profils de Kn et de K" de

la Figure S.8, des échantillons de sédiments plus petits que 15 cm auraient donc été nécessaires pour

obtenir des mesures de perméamètre représentatives de K1, pour les sédiments de l'aquifère de St-

Lambert.

4000

E
J

f 3000

2000

1(X)0

0
cPT/sMR Débilmètre 

rrni-ffl"a* 
P€rméamelre

Figure S.27 Temps total pour acquérir 500 m de mesures de conductivité hydraulique horizontale (rK1) à l'échelle de 15
cm pour trois méthodes hydrauliques conventionnelles (débitmètre, essais de perméabilité et perméamètre de laboratoire)
et I'approche hydro-géophysique basée sur l'estimation de.K1 à partir des données CPT/SMR. Les détails des estimations
de temps sont présentés au Tableau S.4.

Même si les tests à choc hydraulique multi-niveaux prennent environ 25 oÂ moins de temps (Tableau S.4

et Figure 5.27) et que des profils continus de K1, peuvent être obtenus beaucoup plus facilement qu'avec

un perméamètre, cette méthode prend néanmoins beaucoup de temps. Une bonne partie du temps

nécessaire pour effectuer les tests est passée à effectuer les essais hydrauliques eux-mêmes,

Ternps pour acçédr Sfl) m
de mesur€s ds Kh à
l'éch€lls de 15 cm
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particulièrement pour les intervalles moins perméables, de même qu'à effectuer le développement des

puits essentiel pour obtenir des estimations fiables de K7, (voir le Matériel supplémentaires de l'étude de

Paradis et al. 2011). Nous remarquons que I'estimation du temps requis pour la réalisation des tests à

choc hydraulique est quelque peu surestimée parce qu'elle assume que les puits ne sont utilisés qu'aux

fins d'essais hydrauliques. Du point de vue plus général dans I'acquisition des données, ces puits peuvent

servir à plusieurs fins (ex., géophysique de puits, échantillonnage géochimique) et le temps nécessaire à

I'installation et à I'aménagement de puits doit être en fait réparti sur l'ensemble des opérations. Pour des

estimations précises de Kn at moyen des tests à choc hydraulique sur de petits intervalles, les puits

soumis à de tels essais devraient être préférablement aménagés sans sable-filtrant pour éviter les effets

néfastes des court-circuit hydrauliques. S'il n'est pas possible de procéder de la sorte, les caractéristiques

(ex., perméabilité, épaisseur) du sable-filtrant devraient au moins être déterminées et être prises en

considération durant l'analvse des essais.

Comme l'illustre la Figure S.27, les tests avec débitmètre offrent une amélioration assez importante du

temps d'acquisition des mesures de K6 Après que le pompage du puits est atteint un régime stationnaire

(ou quasi-stationnaire), les mesures de débits à I'aide d'un débitmètre ne prennent habituellement que

quelques minutes par intervalle et un profil complet de Kn peut donc être obtenu assez rapidement

(Tableau S.4). La valeur moyenne de Kp utilisée pour transposer les mesures du débit en valeurs

individuelles de Kr, le long du puits peut également être facilement obtenue des données de pompage

elles-mêmes ou à partir d'un test à choc hydraulique réalisé indépendamment des mesures de débits.

Cependant, la limite de sensibilité d'un débitmètre aux variations de débit peut empêcher l'estimation de

Kp pout les intervalles avec de très faibles valeurs de Kr (débit très faible) et seulement des valeurs seuil

peuvent être obtenues. De plus, l'important rabattement provoqué par le pompage dans des formations de

très faible K1 petrt dénoyer certains intervalles dans la partie supérieure de l'aquifère et ainsi

compromettre I'estimation de Ki,. Tout comme pour les tests à choc hydraulique, les tests avec débitmètre

dans les aquifères granulaires nécessitent une installation de puits adéquate sans sable-filtrant et un

développement intensif des puits.

Enfin, I'approche hydro-géophysique semble être'celle qui est la plus efficace en termes de temps (Figure

S.27). Il importe de noter que l'estimation du temps pour cette approche comprend le temps nécessaire à

I'installation et à l'aménagement de 8 puits par enfoncement (incluant le développement) et à la

réalisation de 280 tests à choc hydraulique sur des intervalles de 15 cm, tel qu'effectué dans cette étude.

Contrairement aux tests hydrauliques dans les puits (tests à choc hydraulique et débitmètre), une fois que
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les relations hydro-géophysiques ont été définies à l'aide d'un nombre suffisant de puits, aucun autre

puits n'est nécessaire, et seuls des sondages CPT/SMR sont effectués. Ceci permet de réduire

considérablement le temps total de caractérisation, puisque le temps nécessaire pour effectuer un sondage

CPT/SMR, sans I'installation et I'aménagement de puits, est relativement court (Tableau S.4). La

réalisation de tests avec débitmètre au lieu de tests à choc hydraulique pounaient également réduire

considérablement le temps d'acquisition des données associés à la réalisation des essais hydrauliques

pour I'approche hydro-géophysique. Cependant, I'intégration des données pour la définition des relations

propres au site exige plus de temps que I'analyse des tests hydrauliques conventionnels et l'estimation du

temps requis pour I'analyse des données pour I'approche hydro-géophysique présentée au Tableau S.4

suppose de toute évidence un certain degré de familiarisation avec les outils statistiques.

Dans un ordre d'idée différent, si les levés géoradar avait été utilisés au lieu des sondages CPT/SMR pour

l'établissement des relations hydro-géophysiques, il aurait été possible d'augmenter considérablement

I'efficacité de la caractérisation de I'aquifere, puisque pour cette étude, les 2lkm de levés géoradar ont

pris environ la moitié du temps nécessaire pour la réalisation des 53 sondages par enfoncement (Tableau

S.1). Même si la résolution verticale des levés géoradar est plus grande que celle des sondages CPT/SMR,

la meilleure continuité spatiale des levés géoradar permet de mieux définir l'architecture des

hétérogénéités de I'aquifère. Cependant, la forte atténuation du signal géoradar observé sur un bon

nombre de levés effectués dans la zone silteuse (Figure S.4) masque souvent la présence de lit sableux

inter-digités avec les silts, ce qui limitait I'utilisation des données géoradar aux fins d'estimation des

propriétés hydrauliques dans cette section de l'aquifère. Une autre limitation du géoradar, qui n'est pas

exclusive à la région d'étude cette fois, est que les levés géoradar ne procurent que des renseignements à

propos de la constante diélectrique, ce qui peut affaiblir la capacité prédictive d'une approche hydro-

géophysique basée sur le géoradar en raison du nombre limité de paramètres géophysiques disponibles

pour effectuer des corrélations avec les données hydrauliques. Ceci met en relief, avec comme appui la

Figure S.23, qu'une approche hydro-géophysique basée sur des méthodes géophysiques de surface (ex.,

géoradar, sismique réflexion, levés électrique) ou aéroporté (ex., TDEM), devrait inclure des levés

géophysique de plusieurs types sur la même section d'aquifère pour obtenir une meilleure conversion des

données géophysiques en propriétés hydrauliques.

De plus, des tests d'interférence verticale à choc hydraulique (Paradis et Lefebvre 2013) pourraient

également accroitre I'efficacité globale du processus de caractérisation. En effet, les tests d'interférence

verticale nécessite à peu près le même équipement et le même temps de réalisation que des essais à choc
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hydraulique multi-niveaux conventionnels et fournissent en plus des valeurs de K6, des valeurs de K,

aussi. Donc, I'adoption de tests d'interférence verticale au lieu de tests à choc hydraulique multi-niveaux,

tel qu'effectué dans cette étude, pourrait augmenter le nombre de mesures de K" afin d'établir un meilleur

ensemble de données d'entrainement et à remplacer les essais avec perméamètre sur des échantillons de

sédiments. Cependant, le temps requis pour I'analyse des données issues des tests d'interférence verticale

peut être plus long que dans le cas des tests à choc hydraulique multi-niveaux, surtout pour les profils

hétérogènes qui nécessite d'utiliser I'inversion numérique pour I'analyse des données.

Finalement, la tomographie hydraulique tel que proposée par Paradis et al. (2014a; 2014b) pourrait

également être utilisée pour remplacer les tests à choc hydraulique multi-niveaux dans des puits et les

tests avec perméamètre en laboratoire pour estimer Kn et K,. Cependant, la nécessité d'avoir au moins

deux puits rapprochés pour réaliser la tomographie est surement une alternative moins attrayante qu'un

test d'interférence verticale nécessitant seulement un puits. Cette technique est alors certainement plus

intéressante pour acquérir l'hétérogénéité tridimensionnelle de K6, K" et ^S" à moyenne échelle pour des

sites relativement restreints. Néanmoins, pour des études hydrogéologiques régionales qui nécessitent

habituellement des valeurs de propriétés hydrauliques sur des volumes importants d'aquifère, la

tomographie hydraulique peut être un complément intéressant aux essais de pompage généralement

utilisés pour ce genre d'études. En effet, une meilleure connaissance de I'hétérogénéité des propriétés

hydraulique à proximité d'un puits d'essai, en particulier pour des conditions très hétérogènes, peut

permettre de mieux comprendre la dynamique observée d'un essai de pompage ainsi que les

caractéristiques de mise-à-l'échelle des propriétés hydrauliques de ce test. La tomographie hydraulique à

choc hydraulique permet également d'obtenir Ku et S", ce que permettent généralement difficilement les

essais de pompage. Notons qu'une couverture tomographique de faible à moyenne densité peut être

obtenue dans un temps équivalent à celui d'urt essai de pompage de duré moyenne.

4.2 Travaux complémentaires à cette thèse au site de St-Lambert

En concomitance avec cette étude sur la caractérisation de l'hétérogénéité des propriétés hydrauliques,

d'autres travaux ont été effectués dans la région d'étude de St-Lambert. Pour renforcer davantage la

confiance envers les distributions spatiales des propriétés hydrauliques interpolées pour la région d'étude,

partiellement illustrées aux Figures 5.27a-d, des travaux complémentaires ont été effectués par Brunet el

al. (2012) pour contraindre la structure et les valeurs des propriétés hydrauliques des hétérogénéités avec

des profils verticaux de charges hydrauliques mesurées dans des puits. En effet, il a été démontré que les
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variations de charges hydrauliques mesurées à différentes profondeurs dans I'aquifère peuvent indiquer le

degré de continuité latérale d'hétérogénéités observées dans des puits. Bien que divers algorithmes

d'interpolation et de simulation géostatistique peuvent être utilisés selon le type d'hétérogénéités

géologiques existant (Koltermann et Gorelick 1996; Falivene et al. 2007), le nombre de champs de

propriétés hydrauliques pouvant être générés peut être très élevé, en particulier pour les sites avec peu de

données, et plusieurs d'entre eux peuvent ne pas être nécessairement représentatifs de la région d'étude.

Dans leur approche, Brunet et al. (2012) utilise un algorithme de simulation géostatistiques multi-points

(Strebelle 2002) qui est combiné à des algorithmes d'inversion de points pilotes (Doherfy et al.2010) et

de déformation graduelle (Le Ravalec et Mouche 2012) pour contraindre la distribution spatiale de K7,

avec des charges hydrauliques mesurées à différentes profondeur dans I'aquifère. Cette approche

qualifiée d'interpolation contrainte permet ainsi de sélectionner les champs de propriétés hydrauliques les

plus plausibles.

En outre, des profils d'âge géochimique de l'eau souterraine ont été mesurés par Tremblay et al. (2012)

dans les puits par enfoncement dotés de crépine couvrant la Iotalité de l'aquifère en vue de les intégrer

dans un modèle numérique pour contraindre le champ de vitesse d'écoulement de l'eau souterraine dans

I'aquifère de St-Lambert. Par exemple, les champs de K7,, Ku et n présentés à la Figure 5.27a-d peuvent

être utilisés dans un modèle numérique d'écoulement pour générer un champ de vitesse qui peut être

comparé aux profils d'âge mesurés. À I'instar des charges hydrauliques mesurées à différentes

profondeurs dans l'aquifère, la géométrie des hétérogénéités et les valeurs des propriétés hydrauliques

peuvent être ajustés de manière à honorer les mesures d'âge. Soulignons que cette approche a déjà été

mise en application avec succès pour d'autres sites (ex., Murphy et al.20O8).

Comme approche alternative à celle présentée dans cette thèse, Ruggeri et al. (2013) ont proposé

I'intégration de levés électrique de surface (ERT : Electricql Resistivity Tomography) avec la résistivité

électrique des sondages CPT/SMR et des mesures de Kr, aux puits pour convertir en valeurs de Kr, à haute

résolution des sections d'ERT. Dans cette approche, les levés ERT procurant des mesures continues de

résistivité électrique entre les puits sont utilisés comme grille de fond sur laquelle les mesures de Kn aux

puits sont extrapolées, au lieu de recourir à des algorithmes d'interpolation conventionnelles qui utilise

seulement I'information aux puits pour déduire des relations spatiales pour distribuer I'information

hydrogéologique loin des puits. Jusqu'à cejour, cette approche a été appliquée avec succès pour convertir

un levé ERT effectué dans la zone sableuse (voir la Figure S.4c).
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Enfin, Gloaguen et al. (2012) ont proposé l'intégration des valeurs de résistivité électrique et de constante

diélectrique des sondages CPT/SMR avec les données géoradar pour faire la conversion des

radargrammes en profondeur. Cette approche a été développée pour mieux estimer la profondeur des

réflecteurs géoradar et pour éventuellement mieux utiliser les données géoradar pour l'estimation des

propriétés hydrauliques.

5 Résumé et conclusions

Cette synthèse a présenté un cadre général d'acquisition et d'intégration des données développé et

appliqué pour la caractérisation de l'hétérogénéité des propriétés hydrauliques à une échelle intermédiaire

(quelques km2), qui se veut une échelle adaptée à la modélisation numérique de l'écoulement de l'eau

souterraine et du transport des contaminants en relation avec les zones sources de ces contaminants ainsi

qu'à leur récepteurs. Ce cadre a été appliqué pour une zone d'étude de 12 km2 en vue d'étudier la

migration et I'atténuation naturelle d'un panache de lixiviat émis par un ancien site d'enfouissement

sanitaire aménagé dans un aquifère granulaire littoral peu profond. L'approche de caractérisation est

basée sur l'utilisation de données géophysiques indirectes à haute résolution et l'acquisition ciblée de

données hydrauliques directes. Une campagne intensive de levés géoradar a été effectuée afin de fournir

le contexte géologique général pour la sélection optimale des emplacements de sondages CPT/SMR et

I'installation de puits par enfoncement dotés de longues crépines pour la réalisation de tests hydrauliques.

L'approche de caractérisation s'appuie donc sur la conversion de données CPT/SMR en information

hydraulique au moyen des relations hydro-géophysiques développées spécifiquement pour le site à

l'étude à I'aide d'une approche par machine d'apprentissage. Les paramètres hydrauliques comprenaient

la conductivité hydraulique horizontale (Kn), mesurées dans les puits par enfoncement par des tests de

perméabilité avec une résolution verticale de 15 cm, et la conductivité hydraulique verticale (K") et la

porosité (rz) obtenues en laboratoire par des mesures réalisés sur des échantillons de sédiments. Les

paramètres CPT/SMR comprenaient la résistance à la pénétration (7), la friction mécanique (S), la

constante diélectrique (D) et la résistivité électrique (R). Toutes les mesures hydrauliques et CPT/SMR

co-localisées ont été mises à une échelle verticale commune de 15 cm dans le but d'établir des relations

statistiques. L'acquisition d'un ensemble de données d'entrainement hydro-géophysiques représentatif de

l'éventail des sédiments observés dans la région d'étude était basée sur une approche de type générale-

vers-spécifique. Spécifiquement, l'information sur la géologie régionale et les levés géoradar ont été
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utilisés pour localiser les sondages CPT/SMR, les puits d'observation et les échantillons de sédiments de

façon à couvrir la plage complète des réponses hydrauliques et géophysiques. Quatre hydrofaciès (HF)

représentant les sédiments et ayant des relations hydro-géophysiques distinctes ont été définis à l'aide

d'algorithmes de classification (non-supervisé et supervisé) et de régression (supervisé) pour permettre la

prédiction des HF et de Kp à partir des données CPT/SMR. Le peu de mesures de K" et de n obtenues en

laboratoire ont été intégrées a posteriori avec les mesures de la Kn co-localisées pour définir pour chacun

des HF des relations hydrauliques propres au site. La conversion des sondages CPT/SMR distribuées sur

l'ensemble de la région d'étude a permis d'obtenir une banque de données importante sur HF, K6, K, et n

afin de mieux définir l'hétérogénéité des propriétés hydrauliques de I'aquifère de St-Lambert. Un

exemple d'interpolation de l'information hydraulique a été présenté pour une section géoradar pour

laquelle plusieurs sondages CPT/SMR et données hydrauliques directes sont disponibles. Les principales

constatations de cette étude sont résumées ci-dessous.

. Le processus d'acquisition de données de type générale-vers-spécifique permet une collecte de

données rationnelle, systématique et progressive. Ce processus, élaboré et appliqué pour la région

d'étude, a été pensé pour réduire au minimum le nombre de sites de mesures tout en optimisant la

qualité, la portée et la signification des données directes et indirectes recueillies. Par exemple, la

définition d'un modèle conceptuel hydrogéologique général au moyen de la géologie régionale, des

levés géoradar et des sondages CPT/SMR a permis le repérage d'intervalles significatifs pour les tests

de perméabilité multi-niveaux, ce qui a permis de réduire le nombre d'essais hydrauliques nécessitant

beaucoup de temps de réalisation et a assuré de couvrir l'étendue complète des réponses

géophysiques et hydrauliques observées pour la région d'étude. Cette approche d'acquisition de

données a fourni un ensemble de données d'entrainement représentatif et complet pour l'entrainement

de la machine d'apprentissage utilisée pour évaluer les propriétés hydrauliqueS de l'aquifère à partir

des données CPT/SMR.

Une approche hydro-géophysique pour caractériser les propriétés hydrauliques hétérogènes des

aquifères est passablement plus efficace en termes de temps que les approches d'essais hydrauliques

conventionnelles, qui peuvent rarement fournir la quantité de données nécessaires pour évaluer

l'hétérogénéité d'un aquifère, surtout à une échelle intermédiaire de quelques km2. Bien que

scientifiquement il n'y ait aucune limite quant à la quantité de données qui peut être recueillie sur un

aquifère, des facteurs économiques dictent cependant le plus souvent cette limite, qui dans bien des

cas peut compromettre l'acquisition du niveau de données nécessaire pour résoudre adéquatement un
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problème hydrogéologique. Par conséquent, une approche hydro-géophysique, tel que celle proposée

dans cette thèse, peut contribuer à atteindre un certain équilibre entre la représentation adéquate de

I'hétérogénéité et les contraintes économiques.

Par le biais de relations hydro-géophysiques spécifiques au site, les données CPT/SMR contiennent

beaucoup d'information à propos de l'hétérogénéité des propriétés hydrauliques de I'aquifère

granulaire dans la région d'étude. En effet, I'interpolation des données de sondages converties en

information hydraulique montre que les distributions spatiales des HF ainsi que de K1,, K et n

reflètent I'architecture des sédiments de l'aquifère littoral, ce qui comprend I'inter-digitation et les

changements spatiaux graduels.

Des relations hydrauliques et hydro-géophysiques bien définies sont essentielles pour utiliser avec

succès les données géophysiques pour la caractérisation des propriétés hydrauliques. Dans le cadre de

cette étude, I'utilisation d'une sonde multi-paramètres, comme la sonde utilisée pour effectuer les

sondages CPT/SMR, a permis de réduire le caractère non-unique des liens qui existent entre les

propriétés hydrauliques et géophysiques en foumissant une série de paramètres géophysiques qui

peuvent être corrélés aux divers paramètres hydrauliques. En effet, le succès de la prédiction des

valeurs de propriétés hydrauliques à partir des mesures CPT/SMR augmente avec le nombre de

paramètres géophysique utilisés. L'utilisation d'algorithmes tel que les RVMs a également permis de

composer avec la non linéarité des relations hydro-géophysiques et contribué au développement de

relations ayant de bonnes capacités de généralisation.

La quantité et la qualité des données disponibles sont également importantes pour le succès de la

caractérisation d'un aquifère et des efforts ont été consacrés au développement de méthodes

hydrauliques efficaces et permettant de représenter les conditions de K. À cet égard, I'adaptation du

débitmètre de puits pour les aquifères granulaires a été proposé pour permettre d'acquérir beaucoup

plus rapidement des mesures de Kn qu'avec les tests hydrauliques conventionnels. De plus, la

compréhension approfondie des principes physiques qui gouvernent l'écoulement de l'eau souterraine

a aussi permis de développer les tests d'inférence verticale et la tomographie à choc hydraulique. Ces

tests permettent de mesurer K" lorsque I'hétérogénéité des sédiments à très petites échelles induit

l'anisotropie de K à l'échelle de mesure des essais hydrauliques qui ont généralement des limites

pratiques d'expérimentation ne permettant pas la mesure sur de très petits volumes. Des analyses de
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sensibilité et de résolution des charges hydrauliques par rapport aux variations de propriétés

hydrauliques ont ainsi permis de concevoir des dispositifs expérimentaux et des approches d'analyse

permettant de généraliser les capacités de caractérisation des méthodes hydrauliques

conventionnelles. Les données obtenues à l'aide de ces nouvelles méthodes hydrauliques, utilisées

comme telle ou pour l'établissement de relations hydro-géophysiques, contribuent donc à donner des

images plus complètes des paramètres qui contrôlent l'écoulement et le transport dans les aquifères.

o L'utilisation de puits par enfoncement aménagés sans sable filtrant et entièrement crépinés sur toute

l'épaisseur saturée de l'aquifère a été un élément clé pour I'acquisition de mesures hydrauliques de

qualité et le développement des nouvelles méthodes de caractérisation hydraulique proposées.

D'abord, I'utilisation de puits sans sable filtrant permet la mesure directe des propriétés hydrauliques

des sédiments en contact direct avec la crépine. Aussi, I'absence de sable-filtrant permet de réduire

les effets de dissipation et d'interférence généralement associés à la présence de sable-filtrant qui

altèrent souvent les mesures hydrauliques. Ceci, combiné à I'aménagement de puits entièrement

crépinés, a aussi permis d'effectuer des tests de perméabilité (slug tests) de haute résolution (15 cm)

et de fournir des profils continus de K7, pour caractériser tous les types d'hydrofaciès retrouvés dans la

région d'étude. Dans le processus d'acquisition des données décrit dans la présente synthèse, les

méthodes par enfoncement ont donc été essentielles pour foumir à la fois des données indirectes

(CPT/SMR) et directes (K7,) à haute résolution nécessaires pour évaluer l'hétérogénéité des propriétés

hydrauliques.

Compte tenu de la complexité des systèmes aquifères en général et de la difficulté à les représenter, le

focus général de cette thèse était le développement de méthodes et d'approches pragmatiques de

caractérisation de l'hétérogénéité des propriétés hydrauliques pouvant mener à une meilleure

compréhension des processus d'écoulement et de transport dans les aquifères. Bien que les méthodes

utilisées et les relations définies dans I'effort de caractérisation présenté soient propres au site de St-

Lambert, le cadre d'acquisition et d'intégration des données est quant-à-lui général par rapport à ses

principes de base. Ainsi, ce cadre pourrait être élargi à d'autres contextes hydrogéologiques en utilisant

des méthodes de caractérisation hydraulique et géophysique similaires ou différents selon le cas. Bien que

les méthodes et les approches proposées dans cette thèse puissent nécessiter un certain changement dans

les pratiques et présentent un certain niveau de complexité dans la maitrise des outils, une des prémisses

de cette thèse est que l'approche d'homogénéisation des conditions hydrogéologiques, qui a guidé bon

nombre d'études hydrogéologiques, a peut être atteint sa limite. Des études détaillées basées sur des
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données significatives (quantité et qualité) de caractérisation et de suivi sont nécessaires. À cet égard, à la

lumière des résultats de caractérisation présentés pour le site d'étude de St-Lambert, ce site peut sembler

être un cas particulier de complexité de l'hétérogénéité. Cependant,la caractérisation détaillée d'autres

sites pourrait révéler que le site de St-Lambert est une règle plutôt qu'une exception et que pour faire face

avec confiance aux enjeux environnementaux et sociétaux grandissant reliés aux ressources en eaux

souterraines, un changement de paradigme est peut être nécessaire au niveau de la caractérisation des

aquifères.
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Résumé
Pour bien comprendre les processus d'écoulement et de transport, la modélisation numérique des aquifères
dewait être basée sur une distribution spatiale réaliste de la conductivité hydraulique (K). Cette propriété est
cependant rarement définie adéquatement à cause de la diffrculté des méthodes de caractérisation en général
à acquérir suffisamment d'information. Pour des puits ouvert au roc, des mesures de débit sur de courts
intervalles le long d'un puits en pompage à l'aide d'un débitmètre électromagnétique ont démontré leur
efficacité pour définir des profils verticaux de K. Peu d'études ont cependant porté sur I'utilisation du
débitmètre dans les aquifères granulaires, et les tests réalisés dans ces milieux avec des puits aménagés avec
sable-filtrant ont montré que les mesures obtenues sont parfois erronées. Cet article présente une application
du débitmètre dans des puits aménagés par enfoncement pour l'obtention de profils de K dans un aquifère
granulaire hétérogène ayant des valeurs faibles à moyennes de K (10-6 to 10-4 m/s). L'effet de
l'enfoncement des puits sur les mesures de K dans les aquifères granulaires est d'abord étudié et indique que
de telles installations minimisent l'erreur sur I'estimation de K. Après I'installation et le développement de
puits entièrement crépinés, ceux-ci sont ensuite utilisés pour valider des profils de K obtenus par des
mesures de débitmètre à haute résolution (15 cm) avec des profils dérivés d'essai de perméabilité par choc
hydraulique sur des intervalles identiques. Pour les 119 intervalles testés provenant de 5 puits différents, la
différence dans le logarithme des valeurs de K obtenus par les deux méthodes est systématiquement en-
dessous de l0oÂ. Finalement, une approche graphique pour l'interprétation des profils de débitmètre est
proposée pour définir des intervalles correspondant à des hydrofaciès distincts, donnant ainsi une méthode
pour représenter les contrastes d'échelle et de magnitude de K dans les aquifères granulaires hétérogènes.
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Abstract
Numerical hydrogeological models should ideally be based on the spatial distribution of hydraulic
conductivity (K), a property rarely defined on the basis of suffrcient data due to lack of efficient
characterization methods. Electromagnetic borehole flowmeter measurements during pumping in uncased
wells can effectively provide a continuous vertical distribution of K in consolidated rocks. However,
relatively few studies have used the flowmeter in screened wells penetrating unconsolidated aquifers, and
tests conducted in gravel-packed wells have shown that flowmeter data may yield misleading results. This
paper describes the practical application of flowmeter profiles in direct-push wells to measure K and
delineate hydrofacies in heterogeneous unconsolidated aquifers having low-to-moderate K (10-6 to 104 m/s).
The effect of direct-push well installation on K measurements in unconsolidated deposits is first assessed
based on previous work indicating that such installations minimize disturbance to the aquifer fabric. The
installation and development of long-screen wells are then used in a case study validating K profiles from
flowmeter tests at high resolution intervals (15 cm) with K profiles derived from multi-level slug tests
between packers at identical intervals. For ll9 intervals tested in 5 different wells, the difference in log K
values obtained from the two methods is consistently below l0%. Finally, a graphical approach to the
interpretation of flowmeter profiles is proposed to delineate intervals corresponding to distinct hydrofacies,
thus providing a method whereby both the scale and magnitude of K contrasts in heterogeneous
unconsolidated aquifers may be represented.

Keywords: Borehole Flowmeter, Direct-Push Wells, Hydraulic Conductivity, Unconsolidated Aquifers,
Heterogeneity.
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1 Introduction

It is generally recognized that the hydraulic conductivity (rq heterogeneity of an aquifer controls

groundwater flow and solute transport. Failure to adequately account for this heterogeneity is also known to

be one of the main causes of remediation failures (de Marsily et al., 2005). In heterogeneous aquifers, the

spatial distribution of hydraulic properties may be complex and numerous direct and indirect estimates may

be required to develop a realistic understanding of the hydrogeological system (Ouellon et al., 2008).

Although the spatial definition of aquifer heterogeneity has to rely in large part on the use of indirect data,

often acquired from surface geophysical surveys (Rubin and Hubbard, 2005), numerous direct

measurements are also required to define the properties of individual lithologic units (hydrofacies) having a

distinctive range of hydraulic conductivities (Frei et a1.,2009). Therefore, apractical means of adequately

quantifuing the spatial distribution of hydraulic properties under the constraints of a limited amount of time

and resources is essential as part of a hydrologic characterization program aimed at identifuing and defining

aquifer K heterogeneity.

Borehole flowmeter measurements obtained during pumping can efliciently determine the vertical

distribution of K in fractured rocks (Morin et al., 1988; Molz et al., 1989; Hess el al., 1992; Hanson and

Nishikawa, 1996; Paillet, 1998; Crisman et a|.,2001). However, previous studies have suggested that head

losses along the flowmeter can have important and detrimental effects on its use to determine K profiles

(Boman et al., 1997; Dinwiddie et al., 1999: Ruud et al., 1999). These head losses are exacerbated when a

packer or diverter is used to force water in a well through the flowmeter. The major effects of head loss are:

(1) possible bypass flow around the packer if the well is gravel packed @inwiddie et al., 1999); (2) flow

redistribution with meter position (Dinwiddie et al.,1999), and (3) hydraulic isolation in the vicinity of the

pump caused by flow behind casing and through the gravel pack above and below the pump in an

unconfined aquifer (Boman et al.,1997).

In an attempt to evaluate and reduce head losses, Arnold and Molz (2000) showed that the use of a 2.54-cm

diameter electromagnetic (EM) flowmeter reduced head losses by a factor of 16 when compared with a

1.27-cm diameter probe. Ruud el al. (1999) and Arnold and Molz (2000) also proposed the use of an EM

flowmeter without a packer or flow diverter (centralized configuration). In this adaptation, flow is allowed

to bypass the flowmeter along the well screen. Clemo (2010) found that changes in inflow to the wellbore

caused by blank casing joints could also affect the ratio of flow through and around the flowmeter.
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Mathematical corrections that account for head losses have been proposed by Zlotnik and Zurbuchen (2003)

for a packer configuration, and by Clemo (2010) for a centralized configuration. However, further

refinement is needed in both cases to develop a practical model that is reliable for field use under a variety

of flow conditions and casing sizes.

In consolidated aquifers, flowmeter measurements are generally conducted in open boreholes; in

unconsolidated aquifers, these measurements have to be made in screened wells (Morin,2006).Installation

of screened wells with conventional methods (i.e. rotary or auger drilling) involves filling the annulus

between the screen and borehole wall with a sand or gravel pack. Because a sand or gravel pack is

comprised of material different from the adjacent geological unit, its presence causes either a reduction or

an increase in K surrounding the screened interval of a well compared to that of the host material. For

example, Young (1998) recommended the use of gravel packs rather than back-fill material for wells

installed in heterogeneous granular aquifers to avoid a reduction in K around the most permeable material of

the formation. However, it has been recognized by many authors (Rehfeldt et al.,1992; Boman et ql.,1997;

Dinwiddie et al.,1999; Ruud et al.,1999) that flowmeter measurements conducted in gravel-packed wells

may yield misleading results due to the combined eflect of head losses produced by the flowmeter and an

annulus of high-permeability material surrounding the screen that allows some flow to bypass the

instrument. Partly due to the potential impact of the gravel pack typically used in conventional well

installation, flowmeter applications in unconsolidated aquifers have been restricted mainly to the

characterization of dominant flow pathways (Young, 1995) or coarse-grained materials (i.e. Hess et al.,

1992; Morin,2006;Li et a1.,2008).

The objective of this study is to effectively extend the application of the borehole flowmeter to the

characterization of granular aquifers. Continuous, high vertical-resolution K profiles are generated that are

deemed better suited to the description of K heterogeneity than are the point measurements provided by slug

tests, the most common source of K data @utler, 1998). As discussed in this paper, direct-push well

installation without sand pack was chosen as a means of 1) obtaining continuous long screens, 2)

minimizing head losses by selecting a well diameter only slightly larger than the flowmeter to ensure a tight

fit and eliminate the necessity for a packer or a diverter, 3) avoiding flow bypass related to sand packs, and

4) minimizing the disturbance to the surrounding formation. This study also investigates the validity of

flowmeter measurements by comparison against slug tests.

75



The selected study area is composed of an unconsolidated heterogeneous aquifer exhibiting a low-to-

moderate K range (10-6 to l0-4 m/s); this type of hydrogeologic environment has not commonly been

characterized with borehole flowmeters. High vertical resolution (15 cm) K profiles derived from both

flowmeter measurements and multi-level slug tests between packers provided ll9 K measurements over

duplicate intervals in 5 different wells. In the study area of St-Lambert (Figure I.1a), Quebec, Canada, these

5 wells and their tested intervals were selected to provide a representative sampling of K across the range of

hydrofacies determined to be typical for this region based on data profiles from Cone Penetration Tests

(CPTu) (Lunne et al., 1997) and Soil Moisture Resistivity (SMR) measurements (Shinn et ol., 1998). The

potential impact of skin effects related to direct-push well installation was assessed in the field using slug

interference tests. Finally, a graphical interpretation method using flowmeter profiles is introduced for the

purpose of defining K values across depth intervals corresponding to distinct hydrofacies. This method also

proved to be useful in enhancing the precision of K values determined across low-permeability intervals

where individual flowmeter measurements may not have the resolution to quantitatively resolve the

differential flow and the corresponding K value from an adjacent interval.

Figure I.1 (a) Location of the St-Lambert study area. The boundary of the study ârea corresponds to the sub-watershed
surrounding the St-Lambert sanitary landfill. Only the locations of the wells used in this study are shown (P01, P03, PlO, Pl6
and Pl7). (b) Location of well Pl7 and nearby observation wells that were used for multi-well pumping and interference
tests.
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2 Methods

2.1 Site Description

The study area is located 40 km south of Quebec City, Canada and encompasses a 12 kmz sub-watershed

surrounding a sanitary landfill (Figure I.la). The aquifer is composed primarily of surficial Quaternary

sediments 5-to-20-m thick that were deposited and reworked by the Champlain Sea (Bolduc, 2003). These

sediments consist mostly of fine-to-medium sand, but sediments can range from coarse sand to clayey silt.

Based on regional geological data and more than 25 CPTu/SMR soundings, the hydrostratigraphy of the

aquifer is controlled by the distinctive sffucture of a spit that formed in a littoral environment. This feature is

defined as a narrow finger-like ridge of sand formed by the longshore movement of sediment at the mouths

of estuaries that extends from land into open water. This depositional environment leads to the presence of a

wide range of sediment types.

Vertical profiles of K and hydraulic head measured as part of this study indicate generally semi-confined

conditions, the result of alternating sand and silt layers related to the formation of the spit (Figure I.2). The

water table is I to 2 m below ground surface and, from bottom to top, sediments are associated with three

distinctive chronostratigraphic phases (Figure L2). The first phase is the deposition of marine clayey silt,

which occurred when the Champlain Sea level was at an elevation of approximately 180 to 200 m asl

(above sea level); the present elevation of the study area is approximately I20 m asl. The second phase

corresponds to the formation of the spit itself, when sea level was roughly at the present-day elevation of the

site. In this sequence, sediments coarsen upward (silt to sand) to a maximum and then reverse and fine

upward (sand to silt). This general sedimentary sequence was observed in all CPTdSMR soundings of the

study area. Finally, phase 3 is represented by a spatially discontinuous clayey silt unit at the top of the

sediment sequence, which is related to the eventual retreat of the Champlain Sea.
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Figure I.2 Hydrostratigraphy ofthe St-Lambert site as illustrated by the well P17 cone penetration test (CPT). Soil textures
are defined according to the Fellenius and Eslami (2000) CPT soil classification chart. Also shown are tip stress measured
with the CPT, and static hydraulic head recorded prior to slug tests conducted between packers, Numbers to the left refer to
sediments deposited during three chronostratigraphic phases described in the text.

2.2 Direct-push well installation and development

Direct-push monitoring well installation is a rapid and economical procedure. Like conventional wells,

these wells provide representative groundwater samples and a means of obtaining geophysical and

hydrogeological measurements (USEPA, 2005). Direct-push installations also offer advantages over

conventional installations in unconsolidated formations: they reduce disturbance to the surrounding

formation, eliminate drill cuttings, and avoid gravel-packs so that sediments are in direct contact with the

screen. In this study, the wells used for K measurements were installed with a direct-push rig (Geotech

605D) following the protected screen standard technique (ASTM, 2004). Figure I.Sla illustrates the

installation steps and Figure I.Slb depicts the tubing cross-sectional dimensions. A 76-mm (3-in OD,

outside diameter) metal casing with an expendable bottom point is first hammered into the ground to the

desired depth. Then 52-mm (2-in ID, inside diameter) (60-mm OD) fully-screened PVC tubing is inserted

inside the metal casing before the outer metal casing is withdrawn. The width of the annulus befween the
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OD of the metal casing (corresponding to the borehole diameter) and the OD of the PVC screen is

approximately 8 mm. The slot aperture in the PVC screen was selected to be 0.024 cm (0.001 in) based on

the lower range of sediment particle-size dishibutions sampled in the study area. The inside diameter of the

PVC tubing (52-mm ID) was selected to allow a tight fit between it and the flowmeter, thus eliminating the

need for a flow diverter or packer. Special care was taken when installing the wells to ensure they were

vertical and straight. Because of the small size tolerance between casing and tool, a slight bend in the casing

or deviation from vertical was found to prevent the flowmeter from entering the well. Inclination sensors on

the direct-push rig facilitated the installation of vertical wells.

In addition to proper installation, it is critical that direct-push wells be developed thoroughly to obtain

representative measurements of hydraulic properties (Butler, 1998; Henebry and Robbins, 2000). For

example, a poorly developed well can underestimate K due to the presence of fine sediments clogging the

screen or formation. Consequently, an aggressive development program is necessary to correct for the

inherent disturbance that occurs during the installation process (e.g. sediments smearing). In this study, the

development was realised by pumping-surging operations performed with an inertial pump (Watena)

equipped with a foot valve and a surge block having a diameter slightly smaller than the inside diameter of

the screen tubing. The foot valve was moved systematically along the screen at 0.5 m intervals and each

interval was pumped until turbidity was no longer observed in the discharged water. The evolution of K at

different stages of well development was also monitored for selected wells and intervals to assess the

effectiveness of well development operations (Figure I.S2a and l.S2b).

2.3 Assessment of skin effects from interference tests

Drilling operations and/or well construction can change the K of the material surrounding a borehole and

produce either a reduction (low-K skin) or an increase (high-rK skin) in K. However, the direct-push well

installation method offers a potential advantage over conventional well-installation methods in

unconsolidated aquifers because it may reduce disturbance to the formation and eliminate drill cuttings and

gravel-pack. Nevertheless, it is important to both assess the representativeness of K values measured in

direct-push wells and determine whether a skin effect from sediment deformation exists.

For the identification of well skin, Butler and Healey (1996) proposed a hydraulic experiment where repeat

slug tests with varying effective radius of the well casing are performed in conjunction with a ratio method
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derived from Hvorslev (1951) technique. However, this approach only distinguishes low-K skin when the

difference in skin to formation K exceeds more than an order of masnitude.

To evaluate skin produced by direct-push well installation, interference slug tests were performed between

closely spaced direct-push wells (see Figure I.lb for well locations). Results were examined using the

analytical solution of Hyder et al. (1994), which yields estimates of both the aquifer and the skin material

K's, as well as the specific storage (S"). For these tests, one well was used to induce hydraulic perturbation

and the other was used as an observation well. Slug tests were performed using a pneumatic method and

hydraulic responses were monitored in both wells. Two kinds of interference tests were conducted: (l) on

fully screened wells, and (2) between isolated intervals (60.96 cm) with injection and observation intervals

at the same vertical position.

2.4 Electromagnetic borehole flowmeter

The borehole flowmeter measures vertical flow in a well at various depths to determine the inflow to the

well across specific intervals. This instrument has been used in numerous studies to identiff permeable

intervals andmeasure the vertical distribution of horizontal Ksurrounding the well (Hess, 1986; Morin el

al., 1988; Molz et al., 1989; Rehfeldt et al., 19921' Paillet, 1998). Data analysis presumes the aquifer to be

perfectly layered so that the K of each tested interval is proportional to the measured additional flow coming

from that interval. The product of the interval thickness and its K value is a fraction of the average

transmissivity (Q of the entire well (Molz et al., 1989).

For this study, the vertical flow measurements at each station were made with an electromagnetic (EM)

flowmeter (Century Geophysical Corp.; Model 9721). During testing, the perturbation created by the

borehole fluid passing across a magnetic field generated inside the probe is proportional to the average

vertical velocity of the water (Young and Pearson, 1995). The flowmeter is 1.4 m long with a sensor-

housing outside diameter (OD) of 51 mm, and the measurement banel dimensions are 42 mm OD and 25.4

mm inside diameter (ID) with a trumpet-shaped entryway. Among the different types of flowmeters

available, the EM flowmeter was chosen for its low detection limit, its large dynamic range of measurement

(0.05 to 40 Llmin), and its relative ease of operation. Impeller flowmeters or heat-pulse flowmeters may

prove to be more appropriate for other types of applications.
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Generally, when conducting flowmeter tests in large-diameter wells, a diverter or a packer is affached to the

flowmeter to force all flow through the instrument's sensor. This arrangement may produce a sharp change

in fluid velocity that creates head losses and affects accuracy (Boman et al. 1997; Dinwiddie et al. 1999;

Ruud el al. 1999). To avoid this situation, the diameter of the slotted PVC tubing used for the wells (52 mm

ID) was deliberately chosen to allow the flowmeter to fit inside it with only a small clearance to minimize

flow bypassing the tool and head losses due to velocity disturbances.

Applying the flow nozzle equation (Foley, 1997) to the flowmeter wellbore hydraulics, the head losses are

proportional to the difference between the inverse of the fourth power of the radius of the flowmeter and the

inverse of the fourth power of the radius of the well. Thus, for a 25.4-mm [D flowmeter used inside a 52-

mm ID well, the head loss across the flowmeter associated with the maximum flow rate employed in this

study (19 L/min) is approximately 1.9 mm. Therefore, we assume head loss to be negligible, with fluid

making a smooth and laminar transition as it flows through the sensor. Probe calibration was also performed

in the field using the same PVC tubing; the correlation between volumetric flow measured at the surface

and that measured downhole with the flowmeter was accurate and linear across the range of pumping rates

used for this studv.

Before pumping each well, measurements were made to confirm the state of ambient flow. Within the

resolution specifications of the EM probe, no evidence of ambient flow was found at the test site.

Flowmeter measurements during pumping were made every 15.24 cm (6 in). For brevity, these intervals are

heretofore referred to simply as being 15 cm long. Pumping was performed using a centrifugal pump at

volumetric flow rates ranging between 4 to 19 L/min. The testing strategy involved selecting a pumping rate

suffrcient to produce measureable flow above the detection limit of the tool, while also minimizing

drawdown in the well to preserve a saturated upper section of the aquifer and retain a longer interval

accessible to flowmeter measurements. Flow measurements were obtained once steady-state conditions

were approached. Pumping rate and hydraulic head were continuously monitored to ensure stable conditions

throughout the entire flowmeter operation. Also, pumping rates and, consequently, borehole fluid velocities

were slow enough to avoid turbulent conditions. Running flowmeter tests in a l0-m long screen at l5-cm

intervals took approximately 4 hours.
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2.5 Multilevel slug tests

When a slug test is conducted between packers that isolate (or straddle) a particular screened interval of a

well, it is usually referred to as a multilevel slug test (e.g., Sellwood et a1.,2005; Zemansky and McElwee,

2005; Ross and McElwee,2007). For this study, inflatable packers were fabricated over 25.4-mm ID PVC

tubing, and threads on the tubing allowed the use of variable screen lengths between packers. An air line

connected to an air compressor at the surface was attached to the packers to inflate them to the desired

pressure. The dual-packer assembly was also connected by a 25.4-mm ID PVC riser pipe to the surface,

within which water levels were monitored during the slug test. A rigid tape was attached near the top to

accurately locate the depth of the straddled interval.

Slug tests were performed using a pneumatic method to induce an initial lowering of the water level (Levy

and Pannell, l99l). For this purpose, a wellhead assembly was attached to the top of the riser pipe. This

device contained an ainight adapter that allowed a transducer cable to pass and a ball valve to rapidly

release pressure. An air compressor was also connected to the wellhead assembly to increase air pressure in

the riser. A precision digital air-pressure gauge was used to accurately set the desired initial hydraulic head

change for the slug test and to verifu air pressure stabilization before initiating the slug test.

Multilevel slug tests were conducted at l5-cm intervals located at elevations coincident with the intervals

tested by the EM flowmeter. Varying and successive head changes were imposed at some intervals for

quality control and to veriff data repeatability (Butler et al., 1996). Because tested wells were extensively

developed, intervals were randomly selected for quality control. Slug tests performed in a l0-m long screen

at l5-cm intervals took approximately 40 hours. A total of 227 K estimates were obtained from multilevel

slug tests.

The K values were estimated from slug tests using the interpretation method of Bouwer and Rice (1976), a

method applicable to data collected in partially or completely peneftating wells under either unconfined or

confined conditions. The ratio of the screen length to the screen radius used in this study is within the range

of geometric conditions allowed by the method. This Bouwer and Rice (1976) straight-line method is also

valid within the recommended head change range (0.20 to 0.30 m) proposed by Butler (1996) to produce

reasonable estimates of K for varying values of aquifer storage.
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3 Results and discussion

3.1 Potential impact of skin effects

To assess the potential impact of skin effects on estimates of K, interference slug tests were performed

between fully screened direct-push wells (Figure I.lb) and between isolated intervals. Figure I.S3 illustrates

an example of the curve-fitting exercise used to estimate aquifer and skin hydraulic parameters. Initially,

aquifer hydraulic properties were adjusted based on the observation well response (both aquifer and skin

hydraulic parameters being the same). Proper matching of the injection well response then defines the K

skin parameters. In this example, ̂ S, values used for aquifer and skin were the same. Observation well

response is less sensitive than that of the injection well to skin properties, although both well responses are

sensitive to aquifer properties. This distinction improved our ability to match both the aquifer and the skin

hydraulic properties.

Table I.l provides results of adjusted aquifer and skin hydraulic properties applying the solution of Hyder el

al. (1994) for different pairs of wells or intervals. For all the tested wells and intervals, the skin is

systematically slightly more permeable than the aquifer, and the aquifer-skin K ratio ranges from 0.36 to

0.86. For the interference tests between intervals, a good match between theoretical and observed curves is

achieved if S" is assumed to be constant. Howeveç this assumption yields less satisfactory results for

interference tests conducted on fully screened wells and ,S" aquifer values were increased from initial

estimates. This discrepancy may be explained by the fact that no packer was used in the observation wells.

Although the diameter of the wells is small (2.54 cm), wellbore storage might have affected the response in

the observation well. Physically, wellbore storage in the observation well will create a delay and a reduction

in the amplitude of the hydraulic response that may be interpreted as a high & value for the aquifer.

Nevertheless. a small increase in K around wells may be observed from both kinds of interference tests.

These results are consistent with those of Ngan-Tillard et al. (2005) who applied high spatial resolution X-

Ray computed tomography scans to visualise the local deformation pattems caused by cone penetration in

calibration chamber filled in with fine grained sand. Tomography results showed that a dilatingzone having

the shape of a sphere was formed ahead of the cone tip before being penetrated by the cone. Friction along

the cone shaft did not generate visible density changes. The final dilating zone consisted ofseveral coaxial

cylinders of different density, all having a rounded tip. The dilated zone in direct contact with the cone has
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an external diameter of up to 2.6 times the cone diameter. It corresponds to an average increase in porosity

of 4.4%o. Within this zone, a thin zone characterised by a very high dilation can be discerned. Its increase in

porosity is 7.2oÂ. Around these zones, a zone affected by a light dilation (2.3oÂ porosity change) is found

and its boundaries are approximately 5 times the cone diameter.

If K is assumed to be related to sand porosity, then an increase in porosity of 5%o for fine sand may result in

a K increase of approximately 15 to 50io [refer to Figure L8 of Koltermann and Gorelick (1995) for fine

sand mixed with clay or silt at 0% of weight fraction of fines]. That porosity change corresponds roughly to

the average porosity increase observed by Ngan-Tillard et al. (2005) for the dilated zone. For example, for a

Kvalue of 7tl0-6 m/s for natural aquifer material, the anticipated high-K skin created around the screen

with a direct-push well could range from 8x10-6 to lxl0'5 m/s. Consequently, this change inKaround the

direct-push well is small compared to the K of the gravel pack (in the range of I x 10-3 m/s to I y l0-2 n/s) that

is generally used with conventional wells (Driscoll, 1986). Whether this increase is the result of dilating

material during direct-push well installation or well development operations cannot be resolved.

Nevertheless, thg impact of skin effects on K measurements in direct-push well is expected to be small.

Ngan-Tillard et al. (2005) also shown that increasing sand density results in a significant increase in the

extent ofthe dilation zone and the change in porosity that occurs around the cone. Then both the extent and

magnitude of the high-K skin around a pushed tubing can be expected to change following sediment density.
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Table I.1 Hydraulic properties of aquifer and skin estimated from interference slug tests performed on wells and isolated
intervals (wells shown on Figure I.lb). Screen length for well Pl7 is 10.61 m and is 7.62 m fior all other wells. Interval lengths
for injection and observation wells are 6l cm and 30 cm, respectively. When present, number following well name refers to
the depth of the top of the screen interval.

Aquifer Skin

Injection Observation
Well Well Ko

(m/s)

Sso

(/m)

K,

(m/s)

Ss"

(/m)

Ratio
KJK,

G)

Interval

P2l:3.97

P2l:4.58

P2 l :5 .80

P2l:6.41

P2l:7.02

P2l:7.63

Pl7:4.43

Pl7:4.43

Pl7:5.95

Pl7:6.7 |

Pl7:7.47

Pl7:7.47

6.38x l0-6

3.92x10'6

8.35x l0-6

8.74x l0-6

9.58" l0-6

5.03x l0-6

2.03" l0-5

2.2lxl}'s

1.79x l0-5

I .83 x l0-5

2.50" l0-5

I .21 " l0-5

l . l l x l 0 - 5

9.41x 10-6

l . l 0x  l 0 -5

2.40x10-5

l.74xl0'5

1.20x l0-5

2.03 x l0-5 0.57

2.21,10's 0.83

l. l9" lo 's 0.76

I .83 x l0-5 0.36

2.50" l0-5 0.55

l .2 lx l0 -5  0 .42

Average 7.00x l0-6 I .93 x l0-5 l .42xl0's I  .93 x l0-5 0.58

Full Screen

P2l

P2l

P21

P21

Pl7

P l 8

P 1 9

P20

7.77x10-6

6.76"10-6

7.42x10-6

6.46x10'6

2.75x10-5

3.85x l0-5

3.08x l0-5

3.78x l0-5

I  .  l 7x  l 0 -5

1.07x l0-s

1.07x l0 '5

I  .80"  l0-5

6.2txt0-6 0.66

l . lOx  l0 -5  0 .63

l . l0x  l0 -5  0 .69

6.2lxlo-6 0.36

Average 7.10"  l0 '6 3.37x10's l .28" lo -5  8 .6 lx lo -6 0.59

P l 8

P l 8

P l 8

P l 8

Pt7

P l 8

P l 9

P2l

9.76x10-6

9.76x10-6

9.76x10-6

9.02x10-6

3.53x  l0 '5

2.33x10-s

3 .19x  l0 -5

4.82x l0-s

l . l 4x  l 0 -5

l . l 4x  l 0 -5

l . l 4x  l 0 ' 5

L l4x l0 's

1.80x l0-5 0.86

I .01 " l0-5 0.86

I .01 x l0-5 0.86

1.60x l0-s 0.79

Average 9.58'  10-6
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To funher assess the impact of the high-K skin on K aquifer estimates, results obtained from various

analytical methods applied to the response of a single well are compared to those obtained when an

observation well is available to estimate skin hydraulic properties. Table I.Sl and Figure I.S4 display values

of K estimated from conventional slug-test interpretation methods (Hvorslev, I 95 I ; Bouwer and Rice, I 976)

as well as the method of Hyder et al. (1994) without and with skin taken into account. Neglecting high-K

skin results in an average overestimation of aquifer K of approximately 1.5 to 1.8. This overestimate is in

general agreement with the work of Hyder et al. (1994) and indicates that, for an aquifer/skin ratio of 0.15 to

0.5 (a K increase of l5 to 50%o),the resulting K obtained by a slug test with the Hvorslev (1951) method will

be slightly overestimated [see Figure I.7a of Hyder et al. (1994) for a skin radius twice the radius of the

well]. Interestingly, these authors also report that, for an aquifer/skin ratio of 5 (instead of 0.5), the resulting

K estimate without an observation well would be roughly l0 times less (instead of slightly >l). Thus, the

formation of a high-K skin around a well has less impact on the estimate of K than a low-K skin having a

similar magnitude of aquifer/skin K ratio.

3.2 Estimation of average K from flowmeter data analysis

To estimate a K profile along a well, flowmeter data analysis requires a value of the average K (or total

transmissivity) over the entire well. This value is usually obtained from an independent hydraulic test, such

as a slug test or a single well pumping test (drawdown or recovery interpretation). However, it is also

possible to obtain the average K value of the well concurrently with flowmeter operations, as the general

procedure for flowmeter measurements requires steady-state (or quasi steady-state) conditions to be

established prior to obtaining flow data. During initial transient conditions, pumping rate and drawdown

records can be used to estimate the average K of the well, instead of relying on an independent hydraulic

test. Moreover, the availability of individual and average K values estimated at the same time and under the

same conditions is more likely to provide a representâtive K profile from flowmeter measurements than the

use of an independent test performed under different conditions (e.g., variations in the total saturated

thickness of the aquifer).

Young (1998) suggested the Cooper-Jacob straight-line (CJSL) method (Kruseman and de Ridder, 1990) be

used to estimate the average K for proper analysis of flowmeter data. However, in a heterogeneous aquifer

having low-to-moderate K, it may be diffrcult to estimate this property from short-duration pumping tests.

To illustrate this point, Figure I.S5a presents the drawdown and temperature measured during a flowmeter

test in well Pl8. Well Pl8 is located close to well Pl7 (Figure I.lb) and was used only to estimate average
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K from flowmeter data. Flowmeter results from well Pl8 were not included in the comparative analysis with

slug test data due to their similarity with those from adjacent well Pl7. Matching the Theis solution to early

drawdown measurements suggests the presence of leakage because observed late drawdowns are lower than

those predicted by the Theis solution and the value of S" required to yield a reasonable match is greater than

0.7. This response indicates that more water is reaching the well cone of influence than is predicted for a

confined aquifer. A generally improved match to observed drawdowns is obtained with the Moench (1985)

solution for leakage from an aquifer top. Hydraulic conductivity estimated by this method for well Pl8 is

1.3"10'5 m/s (see Table I.2), a magnitude consistent with Kvalues averaging from 9.58x10-6 to l.l4t10-5

m/s determinedby interference tests (see Table I.1). Similar indications of leakage are observed for all the

wells tested throughout the study area (not shown). As no stream is within a radius of less than 100 m from

any tested well, leakage originating from this source cannot explain the observed behaviour.

Table I.2 Aquifer parâmeters derived from the interpretation of drawdown data measured in well PIE (Figure I.S5) during
pumping related to flowmeter tests. Results are interpreted using the solutions of Moench (1985), Theis, and Cooper-Jacob
(Kruseman and de Ridder, 1990), where T is transmissivity, ( is hydraulic conducfivity, S" is specilic storage, and
parameters B' and à' are releted to leakage properties and follow the definition of Hantush (1960).

Tlpe Curve

Moench (1985) (Leaky)

Case l-Top

Theis (Confined)

Early Data Fit

Theis (Confined)

Same parameters as
Moench

Cooper-Jacob straight line
(cJSL)

9 .8x lo -5  l .3x lo -5  8 .3x lo -4 0.0086 0.23

5.3x l0-5 7.0x 10-6 0.74

9.8x lo -5  l .3x lo -5  8 .3x10-a

t .5x lo -a  2 . Ix lo -s  3 .5x lo '5

Temperatures of pumped water recorded as a function of time during flowmeter testing (Figure LS5a) and

the static temperature profile measured before pumping (Figure I.S5b) funher support the occurrence of

aquifer leakage. Pumped water temperature measured at well Pl8 during the flowmeter test increased from

9.4 to 10.6 'C (Figure I.S5a). This rise is consistent with leakage from the aquifer top because the

T

1m2ls;

K

(m/s)

,s
G)

UB' F'lr
(.-t) (m't)
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temperature profile measured several days before pumping showed that the top of the aquifer was wafiner

(approaching 15 'C) than at the depth where drawdown and temperature were directly measured (Figure

I.S5b). This suggests that leakage originating from the warm sand at the aquifer top gradually infiltrated

through the underlying silt layer, thus leading to the observed temperature increase at the logger position.

Têmperature data indicate that steady-state conditions that balance flow from the aquifer with leakage from

the top are eventually reached at the end ofthe test.

In the case ofa heterogeneous aquifer, such as the one being considered in this study, choosing the correct

analytical model is critical to the estimation of average K. For the example above, the application of the

CJSL method would result in an overestimation of K (2.1110-5 instead of l.3rl0-5 m./s, see Table I.2).

Applying an average K based on an incorrect analytical and conceptual model can result in the correct

relative vertical distribution of K but the incorrect magnitude of K (Hanson and Nishikawa, 1996). Aquifer

conditions should thus be established to ensure the selection of an appropriate well-test solution. In addition,

monitoring the temporal change in water temperature during pumping may provide an effective diagnostic

indicator of leaky conditions in shallow heterogeneous aquifers.

A possible cause for concern in this analysis is the validity of the assumption of quasi-horizontal flow when

using the interpretation method of Molz et al. (1989) with leaky conditions. As discussed by Molz and

Melville (1996), the assumption of strictly horizontal flow applies only in the immediate vicinity of the

well, not throughout the aquifer. Aquifer leakage, which is assumed by Moench (1985) to occur mainly in

the vertical direction, does not disturb the predominantly horizontal flow in evidence throughout the tested

aquifer even though it does affect the rate and distribution of drawdown.

3.3 Comparison of flowmeter and slug-test data

To demonstrate the usefulness of the EM flowmeter for characteizing K variability in unconsolidated

aquifers, high-resolution profiles of K obtained from EM flowmeter tests were compared with

corresponding profiles determined from multilevel slug tests. Five wells were selected for this purpose and a

total of 123 intervals having a constant vertical resolution of 15 cm were tested by both methods (Table I.3).

Wells were selected such that tested intervals represented a wide distribution of K. For the flowmeter

method, the tested interval corresponded to the distance between two successive vertical displacements of

the probe; for the multilevel slug method, the tested interval was the inner distance between the ends of the

two packers inflated against the screen. To avoid a systematic bias in the comparison of discrete K values
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derived from each method separately (next section), the average K value used in the analysis was the one

determined from slug tests.

Table I.3 Well descriptions and average aquifer parameters used for comparison of flowmeter and multilevel slug tests.

Data Set: 15- cm Intervals with
K Measurements from Both

Methods

Multilevel

Slug Tests

\ilell
Number

of
Interuals

Total T K
Lenqth

tlnl (m"Aec) (m/sec)

28

4 l

l 6

t2

22

P0l

P03

P 1 0

P 1 6

Pr7

4.42 2.5xloa 5.7x lo-5

6.55 3.6x lo-a 5.5x lo-s

2.59 2.2*10's 8.4x l0-6

1.98 6.8" lo-5 3.4x lo-5

4.27 3.3,.10-5 7.7x10'6

Descriptive statistics of the logarithm of K (log K) measured by multilevel slug tests and by EM flowmeter

tests are presented in Table I.4. The table lists data obtained from all intervals tested over the study area and

estimated by both methods, as well as the overlapping intervals used for direct comparison of results. For

the log K distribution that includes all data, the range of log K values obtained from slug tests is wider than

that from the flowmeter tests. The maximum values in the range are approximately the same for both

methods, whereas the minimum value is higher for flowmeter tests. This lower limit for the flowmeter is

restricted by the resolution of the tool used for this study under the pumping rates employed; it corresponds

to a minimum detectable value for /( of approximately l.6xl0-6 m/s for a l5-cm measurement interval.

Multilevel slug tests are not constrained by such a limitation. However, slug test duration (corresponding to

drawdown recovery) with the configuration used in this study could persist for over 20 min when K values

were as low as 1.6" 10-6 m/s. A flowmeter interpretation scheme is proposed later to provide representative

K values for low permeability intervals that vertically span numerous l5-cm flowmeter measurements. For

the data subset used for comparison of methods, the mean values of log K for both techniques are slightly

different (Table I.4), even though the average K value for the entire well (derived from multilevel slug tests)

was used to determine interval K values from flowmeter data analysis. The difference in the mean is related
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to the occurrence of null measurements (below detection limit) for the flowmeter. which were not used in

the comparison.

Figure I.3a shows the differences between log K values derived from the multilevel slug tests and the EM

flowmeter tests against their mean. According to Bland and Altman (1999), this type of graph is an effective

way of displaying data when: (l) the range of variation in the measurements is large in comparison with the

differences between the methods, and (2) there is an increase in variability of the differences as the

magnitude of the values increases. Since slug test and flowmeter measurements are both subject to

uncertainty, the mean K values computed from the two methods are used as a best estimate. Figure I.3a and

Table L4 are used to assess the "equivalent" nature of slug tests and flowmeter measurements.

For 123 intervals tested in five wells, the mean difference in log K is 0.0077 with 95oÂ limits of agreement

between 0.44 and -0.43 as shown in Figure L3a. Thus flowmeter and slug estimates of Kare similar on

average despite computing an average K that includes the sections with null measurements. The differences

between log Kvalues obtained from flowmeter and slug tests also form a normal distribution, as revealed by

a kurtosis-skewness distance probability equal to 0.58 (Table L4). The systematic error can also be

determined by the rank correlation between the absolute differences and the average in Figure I.4a. The

Spearman rank correlation coeffrcient is 0. 14, meaning that the error is statistically random.

Figure I.4a further illustrates the similarity between flowmeter and slug test methods (coeffrcient of

determination R2 : 0.78). Consequently, due to the high correlation between both methods and the

reasonably large sample size, the confidence intervals for the limits of agreement are narrow. For example,

by converting the difference between log K on the vertical axis of Figure I.3a to a percentage of their

average (Bland and Altman, 1999), the 95% limits of agreement become 9.6 and -9.4% (with a mean of

0.17%).

Finally, to further demonstrate the relation between flowmeter and slug test measurements, the profiles of K

obtained by both methods at well P03 are compared in Figure I.3b. These data depict similar trends, though

flowmeter measurements generally oscillate around the slug test values and display a greater variability.

This behaviour may simply be a manifestation of the probe design and calibration specifications. Because

vertical measurement intervals are so thin (15 cm), the individual flow rates determined for each of these are
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generally small compared to the broad resolution range of the probe. For example, individual flow rates

measured for this study fell between 0.05 to 0.73 Llmin (with an average of 0.31 L/min), whereas the

accuracy of the flowmeter is 0.02 Llmin. Larger tested intervals would presumably produce a smoother

profrle.

Table I.4 Descriptive statistics of log K (m/s) data derived from multilevel slug tests and borehole flowmeter measurements.
Statistics are derived from all tested intervals in the study area as well as from common intervals tested by both methods.
Also shown are statistics related to the differences in log K between slug tests and borehole flowmeter measurements. The 1(
values from flowmeter and slug tests were estimated following Molz et al. (1989) and Bouwer and Rice (1976), respectively.

Method
Number

of tests
Mean SD Range Max Min Skewn. Kurt.

Kurtosis-
skewness
distance

(K-S Prob.)b

All data used for aquifer characterization

Slug Test

Flowmeter

227

t4l

-4.7s 0.54 2.09 -3.92 -6.02 -0.62

-4.67 0.42 1.95 -3.79 -5.79 -0.70

-0.63 0.11(<0.001)

-0.18 0.10(<0.00r)

Subset used for comparison

Slug Test

Flowmeter

123

123^

-4.58 0.43 1.80 -3.93 -5.73

-4.59 0.46 1.95 -3.79 -5.74

-0.4r 0.13(<0.00r)

-0.23 0.102(0.003)

-0.72

-0.67

Difference (Slug - Flowmeter)

Difference r23 0.0077 0.22 1.39 0.71 -0.67 -0.0018 0.s8 0.0s8(0.38)

a: comparison intervals for the flowmeter include 7 null values not considered in the statistical analyses.
b: K-S prob is for kurtosis-skewness probability.
SD: Standard-deviation
Skewn.: Skewness
Kurt.: Kurtosis
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logK (m/s) average (,

logK (m/s)

Figure I.3 Comparison of .K data measured with the flowmeter and multilevel slug tests: (a) In live wells at a 15-cm vertlcal
resolution: the difrerence ln log K values obtalned from the two meesurements is shown against the average of the two
mersurements.The95o/o conlidence intervals are shown assuming a normal distribution (t 1.96 SD, SD being the stenderd
devlation). (b) log l(prollle at well P03.
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(a)

15 cm

-5 -4

logK (m/s)-Slug

(b)

Hydrofacies

-5 -4

logK (m/s)-Slug

Figure I.4 Comparison of K data obtained from multilevel slug tests and flowmeter tests: (a) ât ls-cm vertical intervals and
(b) for selected intervals corresponding to specific hydrofacies (see Figure I.5).

3.4 Hydrofacies definition from a cumulative flow curve

Our results demonstrate that the flowmeter can effectively measure K at a vertical resolution as small as 15

cm. However, this degree of resolution may not always be viable or even necessary, especially when a

hydraulic-testing program encompasses broader objectives such as the integration of field data into a

regional numerical model. In addition, the spatial correlation among high-resolution K data may be difficult

to establish when well density over the study area is low. Under such conditions, it would be beneficial to

identiff and distinguish larger vertical intervals having relatively homogeneous K (corresponding to

hydrofacies) before interpolation or zonation between wells is attempted to define the hydrostratigraphy.

From this perspective, the following method is proposed to distinguish individual hydrofacies using

borehole flowmeter measurements (Figures l.5a to l.5d):
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. Convert the cumulative flow values directly measured with the flowmeter into a curve of cumulative flow

percentage. This is done by normalizing flow values by the sum of all values over the screen length

independently for each well;

Define hydrofacies from marked breaks in the slope of the cumulative percentage flow curve. This is done

graphically and each line between breaks corresponds to an individual hydrofacies unit. Because changes

in flow rate slope are related to variations in K, a break in the slope corresponds to a change in hydrofacies

identified by its distinct K;

Calculate the particular K for each hydrofacies from the difference in flow percentage at each break

following the method of Molz et al. (1989). Care must be taken to use the appropriate average K, and the

same method should be used for all wells. This ensures a uniform scalins of K values and avoids

misinterpretation when comparing wells.

An example of this graphical technique is illustrated in Figure I.5a, where straight lines are drawn between

each break in the cumulative flow curve. For the profile shown, five hydrofacies are delineated and

numbered. The slope of the straight line associated with each hydrofacies unit is related to K and an average

Kvalue is calculated from the difference in flow values at each break. The resulting hydrofacies and their K

values are presented in Figure I.5b. In Figures l.5c and 1.5d, this method is applied once again to well Pl7,

but using a vertical resolution of 60.96 cm (24 inches) instead of 15 cm. In this lower-resolution profile,

contrasts in Kare less pronounced and the aquifer is reduced to three hydrofacies.

Hence, it is important to acquire borehole flowmeter measurements at a high enough vertical resolution to

delineate individual hydrofacies units. However, this approach requires a compromise between the scale of

the heterogeneity and the flow detection limit of the probe. If the vertical intervals defined in the testing

program are too large, the spatial variability in K will not be adequately represented. For instance, for the

range of K observed across the study atea, a resolution of I 5 cm proved to be an efficient choice. For more

homogeneous aquifers (i.e., fewer breaks in the cumulative percentage flow curve of Figure I.5), larger

intervals may be satisfactory and could be used to reduce the testing time. For less permeable aquifers, a

testing program with larger intervals could be implemented to avoid too many measurements below the
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detection limit of the flowmeter. Operationally, it takes much less time (by a factor of roughly 5 to 8) with

the flowmeter method to perform the same measwements as with the multilevel slug test method in

sediments having a low-to- moderate range of K as encountered at this study site.

Hydraulic conductivity (m/s)

4-5 -6 -5 -4 -6 -5 -4

E

q)
o

0 50 100

Cumulative percentage of
transmissivity (%)

Figure I.5 Application of the cumulative flow-curve interpretation method. The figure shows calculated I( (grey blocks) and
cumulative transmissivity profiles (equivalent to cumulative flow, red line) using two vertical resolutions of flowmeter
measurements at well Pl7: (a) ( estimates for intervals at a vertical resolution of 15 cm @) K estimates for intervals
corresponding to hydrofacies units based on intervals with a steady slope of the cumulative flow curve shown in (a); (c) 1{
estimates for intervals at a vertical resolution of 6l cm; (d) rK estimates for intervals corresponding to hydrofacies units based
on intervals with a steady slope of the cumulative flow curve shown in (c). Black dashed lines are the constânt-slope sections
of the cumulative flow curves over intervals for which ,K values are estimated.

As an alternative to calculating K for each hydrofacies, the average of individual l5-cm measurements can

be used. However, using the cumulative curve to estimate hydrofacies K is particularly useful when null K

values are obtained due to the flowmeter sensitivity range. Null values are averaged into the cumulative

curve and can thus provide a representative K value for low-permeability hydrofacies as long as thicknesses

span a few measurement intervals. This approach of using entire hydrofacies intervals to estimate K yields
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more representative values than those based on individual l5-cm intervals; these latter estimates will

overestimate K because low K values (non detected flow) cannot be determined and are thus not used in

computing the average. However, when there are no null values, using the average of the individual

intervals or using entire hydrofacies intervals should be roughly equivalent because the average error

between K values estimated from flowmeter and slug tests is randomly distributed as shown on Figure I.3a.

As expected, using the difference in flow to calculate K for each hydrofacies provides a more smoothed

estimate of K than that derived for each individual tested intervals. This is illustrated in Figures l.4a and

1.4b, where flowmeter results are compared to those obtained from slug tests between packers; nf for K

values associated with hydrofacies is 0.91 whereas R' determined from l5-cm intervals is 0.78. For

hydrologic studies concemed with general flow behavior, average values obtained for each hydrofacies may

be suffrcient to understand the groundwater system; for studies examining transport, the variation of K

within each hydrofacies as provided by the individual estimates may be more relevant.

4 Conclusions

The objective of this study was to develop a practical and verifiable approach for the application of the

borehole flowmeter in the hydrogeologic characterization of heterogeneous unconsolidated aquifers.

Important conclusions and observations resulting from this effort include the following:

To be useful, K measurements derived from the borehole flowmeter or multilevel slug tests must initially

rely on proper well installation and extensive well development. In unconsolidated aquifers, wells installed

by the direct-push technique should be favored over conventional methods (i.e., hollow-stem auger, mud-

rotary) that use backfilled material (natural or gravel-pack). The direct-push method minimizes disturbance

to the aquifer fabric and is more suitable for hydrogeologic studies that employ downhole measurements.

However, care should be taken in installing direct-push wells to ensure a firm contact between the

sediments and the screen. For example, in this study the distance between the outer casing radius and the

outer casing screen was designed to be as thin as possible. Moreover, this kind of installation may be more

appropriate in non-cohesive soils (e.g. gravel, sand) than in cohesive soils, where the hole created to

accommodate the well may not collapse. As a consequence, voids may remain around the screen that will

create a water reservoir around the screen that will favored hvdraulic short circuits between tested

intervals.
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The borehole flowmeter is a practical tool for quantifuing the spatial variability of K in unconsolidated

sediments. Values of K measured with a borehole flowmeter are found to be equivalent to those obtained

from multilevel slug tests. This equivalence remains as long as flow velocity is above the flowmeter

detection limit. Sufficiently fast velocities can be obtained if the material is relatively permeable (t l0-u

m/s as in this study) or by increasing the well diameter in lower permeability material. Furthermore, this

method is more time and cost effrcient compared to slug tests performed at the same vertical resolution,

provided the detection limit of the probe is not exceeded.

A proposed graphical-interpretation method is introduced that is based on the cumulative transmissivity

curve constructed from flowmeter data. This technique is useful in distinguishing among individual

hydrofacies and delineating the units at scales (1) that are computationally manageable for regional aquifer

modeling and (2) that effectively represent the relative K contrasts of heterogeneous unconsolidated

aquifers. However, to avoid the loss of hydrogeologic spatial details, borehole flowmeter measurements

should be carried out at a relatively high sampling resolution (near 15 cm for this study). The choice of

vertical resolution should be based on a balance between the detection limit of the borehole flowmeter and

anticipated degree of aquifer heterogeneity.

The testing strategy of obtaining borehole flowmeter measurements in direct-push wells provides a reliable

and cost-effective means of delineating hydrofacies in unconsolidated heterogeneous aquifers. Moreover,

the results of this study extend the range of applicability of the flowmeter, conventionally restricted to

fractured-rock and sand-and-gravel aquifers, to aquifers having low-to-medium K.

Acknowledgments

Constructive comments and references provided by Fred Molz helped improve a draft version of this

manuscript. The authors would like to acknowledge the important technical support provided by Dave

Martin and Barbara Corland, and are grateful to Christine Rivard, Geoff Bohling, Cynthia Dinwiddie and

Carl Keller for insightful comments that improved the original manuscript. We also sincerely thank Yves

Michaud, Alfonso Rivera, Donna Kirkwood, Stéphane Chalifoux and Gérard Goyette for their sustained

support. This project was promoted under the Memorandum of Cooperation (Annex 18) between the USGS

and Natural Resources Canada and was supported by the Geological Survey of Canada, under the

Groundwater Resources Inventory Program, by the Régie intermunicipale de gestion des déchets des

97



Chutes-deJa-Chaudière, and by NSERC Discovery Grants held by R.L. and E.G. This is ESS contribution

number 20090447. Any use of trade, product, or firm names is for descriptive purposes only and does not

imply endorsement by the U.S. or Canadian Governments.

References

Arnold, K.B. and F.J. Molz. 2000. In-well hydraulics of the electromagnetic borehole flowmeter: Further
studies. Ground Water Monitoring and Remediation 20,no. l: 52-55.

American Society for Testing and Material (ASTM). 2004.D6724: Standard Guide for Installation of Direct
Push Ground Water Monitoring Wells. ASTM International, 9 pp.

Bland, J.M. and D.G. Altman. 1999. Measuring agreement in method comparison studies. Statistical
Methods in Medical Research 8: 135-160.

Bolduc, A. 2003. Géologie des formations superficielles, Charny, Québec. Commission Géologique du
Canada, Dossier public 7976, échelle l/50000.

Boman, G.K., F.J. Molz, and K.D. Boone. 1997. Borehole flowmeter application in fluvial sediments:
methodology, results, and assessment. Ground Water 35, no.3: 443-450.

Bouwer, i{. and R.C. Rice. 1976. Aslug test method for determining hydraulic conductivity of unconfined
aquifers with completely or partially penetrating wells. Water Resources Research 12,no.3: 423-428.

Butler, J.J. Jr. 1996. Slug tests in site characteization: Some practical considerations. Environmental
Geosciences 3, no. 3: 154-163.

Butler, J.J. Jr. 1998. The Design, Performance, andAnalysis of Slug Tests. Lewis Publishers. 252pp.

Butler, J.J. Jr. and J.M. Healey. 1996. Detection of low-permeability well skins using slug tests. Kansas
Geological Survey Open-File Report 96-20,17 pp.

Butler, J.J., C.D. McElwee, and W. Liu. 1996. Improving the quality of parameter estimates obtained from
slug tests. Ground Water 34, no. 3: 480-490.

Clemo, T. 20 10. Coupled aquifer-borehole simulation. Ground Water 48, no. I : 68-78.

Crisman, S.A., F.J. Molz, D.L. Dunn, and F.C. Sappington. 2001. Application procedures for the
electromagnetic borehole flowmeter in shallow unconfined aquifers. Ground Water Monitoring and
Remediation 21. no. 4: 96- I 00.

de Marsily, G., F. Delay, J. Gonçavès, P. Renard, V. Teles, and S. Violette. 2005. Dealing with spatial
heterogeneity. Hydrogeology Joumal I 3 : I 6 I - I 83.

Dinwiddie, L.C., N.A. Foley, and F.J. Molz. 1999. In-well hydraulics of the electromagnetic borehole
flowmeter. Ground Water 37. no. 2: 305-315.

Driscoll, F.G., 1986. Groundwater and Wells. Johnson Filtration Systems Inc., St.Paul, Minnesota, l02l pp.

Fellenius, B.H. and A. Eslami. 2000. Soil profile interpreted from CPTu data. "Year 2000 Geotechnics"
Geotechnical Engineering Conference, Asian Institute of Technology, Bangkok, Thailand, November 27-
30,2000, l8 pp.

98



Foley, N.A. 1997. Pressure distribution around an electromagnetic borehole flowmeter in an artificial well.
Masters thesis, Environmental, Engineering & Science Department, Clemson University, Anderson, SC.

Frei, S., J.H. Fleckenstein, S.J. Kollet, and R.M. Maxwell, 2009. Pattems and dynamics of river-aquifer
exchange with variably-saturated flow using a fully-coupled model. Joumal of Hydrology 375:383-393.

Hanson, R.T. and T. Nishikawa. 1996. Combined use of flowmeter and time-drawdown data to estimate
hydraulic conductivities in layered aquifer systems. Ground Water 34, no. l: 84-94.

Hantush, M. S., 1960. Modification of the theory of leaky aquifers. Journal of Geophysical Research 65, no.
tt,37t3-3725.

Henebry B.J. and G.A. Robbins. 2000. Reducing the Influence of Skin Effects on Hydraulic Conductivity
Determinations in Multilevel Samplers Installed with Direct Push Methods. Ground Water 38, no. 6:
882-886.

Hess, A.E. 1986. Identifuing hydraulically conductive fractures with a slow-velocity borehole flowmeter.
Canadian Geotechnical Journal 23 : 69-7 8.

Hess, K.M., S.H. Woll and M.A. Celia. 1992. Large-scale natural gradient tracer test in sand and gravel,
Cape Cod, Massachusetts, 3, Hydraulic conductivity and calculated macrodispersivities. Water
Resources Research 28, no. 8:2011-2027.

Hvorslev, M.J. 1951. Time Lag and Soil Permeability in Ground-Water Observations. Bull. No.36,
'Waterways 

Exper. Sta. Corps of Engrs, U.S. Army, Vicksburg, Mississippi, p. l-50.

Hyder, Z,J.J. Jr. Butler, C.D. McElwee, and W. Liu. 1994. Slug tests in partially penetrating wells. Water
Resources Research 30, no. ll:2945-2957 .

Koltermann, C.E. and S.M. Gorelick, 1995. Fractional packing models for hydraulic conductivity derived
from sediment mixtures. Water Resources Research 3 l . no. 12: 32837 -3297 .

Kruseman, G.P. and N.A. de Ridder. 1990. Analysis and evaluation of pumping test data, 2nd ed. ILRI
Publication 47, lnternational Institute for Land Reclamation and Improvement, Wageningen, The
Netherlands, 367 pp.

Levy, B.S. and L. Pannell. 1991. Evaluation of a pressure system for estimating in-situ hydraulic
conductivity. Ground Water Management No. 5, Proceedings 5th National Outdoor Action Conference,
Las Vegas, NV p. 3l-45.

Li, W., A. Englert, O.A. Cirpka, and H. Vereecken. 2008. Three-dimensional geostatistical inversion of
flowmeter and pumping test data. Ground Water 46, no.2: 193-201.

Lunne, T., P.K. Robertson, and J.J.M. Powell. 1997. Cone penetration testing in geotechnical practice. Spon
Press, Taylor and Francis Group, New York, 312 pp.

Moench, A.F. 1985. Transient flow to a large-diameter well in an aquifer with storative semiconfining
layers. Water Resources Research 2 l, no. 8 : I I 2 I - I I 3 l.

Molz. F.J. and J.G. Melville. 1996. Comment on "Combined Use of Flowmeter and Time-Drawdown Data
to Estimate Hydraulic Conductivities in LayeredAquifer Systems" , Ground Water 34, no. 5: 770.

Molz, F.J., R.H. Morin, A.E. Hess, J.G. Melville, and O. Guven. 1989. The impeller meter for measuring
aquifer permeability variations - evaluation and comparison with other tests. Water Resources Research
25,no.7:1677-1683.

Morin, R.H. 2006. Negative correlation between porosity and hydraulic conductivity in sand-and-gravel
aquifers at Cape Cod, Massachusetts, USA. Journal of Hydrology 316:43-52.

99



Morin, R.H., A.E. Hess, and F.L. Paillet. 1988. Determining the distribution of hydraulic conductivity in a
fractured limestone aquifer by simultaneous injection and geophysical logging. Ground Water 2, no. 6:
587-595.

Ngan-Tillard, D.J.M., X.H. Cheng, J. van Nes, and P.L.J. Zitha. 2005. Application of x-ray computed
tomography to cone penetration tests in sands. Proceedings of the Geo-Frontiers 2005, Austin, Texas,
January 24-26,2005, ASCE Geotechnical Special Publications Nos. 130-142.

Ouellon, T., R. Lefebwe, D. Marcotte, A. Boutin, V. Blais, and M. Parent. 2008. Hydraulic conductivity
heterogeneity of a local deltaic aquifer system from the kriged 3D distribution of hydrofacies from
borehole logs, Valcatier, Canada. Journal of Hydrology 351, nos. l-2: 7l-86.

Paillet, F.L. 1998. Flow modeling and permeability estimation using borehole flow logs in heterogeneous
fractured formations. Water Resources Research 34, no. 5:997-1010.

Rehfeldt, K.R., J.M. Boggs, and L.W. Gelhar. 1992. Field study of dispersion in a heterogeneous aquifer. 3:
Geostatistical analysis of hydraulic conductivity. Water Resources Research 28, no. 12:3309-3324.

Ross, H.C. and C.D. McElwee. 2007. Multi-level slug tests to measure 3-D hydraulic conductivity
distributions. Water Resources Research 16, no. l: 67 -79 .

Rubin, Y. and S. Hubbard. 2005. Hydrogeophysics. Springer, Water Science and Technology Library Vol.
50, 523 pp.

Ruud, N.C., Z.J. Kabala, and F.J. Molz. 1999. Evaluation of flowmeter-head loss effects in the flowmeter
test. Joumal of Hydrology 224,no.1:55-63.

Sellwood, S.M., J.M. Healey, S. Birks, and J.J. Jr. Butler. 2005. Direct-push hydrostratigraphic profiling:
Coupling electrical logging and slug tests. Ground Water 43, no. l: 19-29.

Shinn, J.D., D.A. Timian, R.M. Morey, G. Mitchell, C.L. Antle, R. Hull. 1998. Development of a CPT
deployed probe for in situ measurement of volumetric soil moisture content and electrical resistivity.
Field Analyical Chemistry and Technology 2, no. 2: 1 03- 1 1 0.

United States Environmental Protection Agency (USEPA). 2005. Groundwater sampling and monitoring
with direct push technologies. Solid Waste and Emergency Response, EPA 540/R-401005,67 pp.

Young, S.C. and H.S. Pearson. 1995. The electromagnetic borehole flowmeter: description and application.
Ground Water Monitoring and Remediation 15, no. 4: 138-147.

Young, S.C. 1995. Characterization of high-K pathways by borehole flowmeter and tracer tests. Ground
Water 33, no. 2:  3l  l -318.

Young, S.C. 1998. Impacts of positive skin effects on borehole flowmeter tests in a heterogeneous granular
aquifer. Ground Water 36, no. l:67-75.

Zemansky, G.M. and C.D. McElwee. 2005. High-resolution slug testing. Ground Water 43, no.2:222-230.

Zlotnik, V.A. and B.R. Zurbuchen. 2003. Estimation of hydraulic conductivity from borehole flowmeter
tests considering head losses. Journal of Hydrology 281, nos. I -2: I I 5- 1 28.

100



Supp ortin g information

Additional Supporting Information may be found in the online version of this article:

(B)

5.24 cm
7.62 cm

Figure I.Sl Direct-push well installation without gravel-pack. (a) Three-step installation procedure: metal casing hammered
into the ground; PVC tubing slotted over saturated zone inserted inside the metal casing before its withdrawel; protection
tubing placed around the sealed top of blank PVC tubing. @) Casing and tubing dimensions showing the approximately 8-
mm-wide annular space between the PVC tubing and borehole wall to be lilled by sediments.
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Table I.S1 Hydraulic conductivity values derived from slug tests using four different analytical solutions. Hydraulic
conductivities estimated for each interval from Hyder et al. (1994) with skin are reported directly from Table I.1. K values
for full screen are averages for each injection-observation combination presented in Table I.1. When present, number
following well name refers to the depth of the top of the screen interval.
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Résumé
La connaissance de la conductivité hydraulique et de son anisotropie pour les matériaux composant les
aquifères est essentielle pour une bonne compréhension de l'écoulement de I'eau souterraine et du
transport de contaminants. Plusieurs méthodes in situ existent pour déterminer la composante horizontale
de la conductivité hydraulique (Ky,), mais la conductivité hydraulique verticale (K") est cependant
rarement mesurée faute de méthodes appropriées. Cet article propose des tests d'interférence verticaux
par choc hydraulique, une adaptation des tests d'interférence entre puits pour un seul puits, pour la
mesure in situ de K". Chacun des tests est réalisé entre un intervalle d'injection et d'observation isolés
verticalement le long d'un puits par trois obturateurs. Un choc hydraulique est d'abord produit dans
I'intervalle d'injection et les rabattements induits dans les intervalles d'injection et d'observation sont
ensuite enregistrés. Pour une démonstration du concept, 12 tests d'interférence verticaux ont été réalisés
séquentiellement le long d'un puits entièrement crépiné aménagé dans un aquifère modérément
hétérogène et très anisotrope composé de silt et de sable littoraux. Le puits utilisé a été aménagé par
enfoncement de façon à ce que les sédiments en place recouvrent la zone crépinée et en évitant ainsi
l'utilisation de sable filtrant. Les puits aménagés par enfoncement permettent donc la mesure directe des
propriétés des sédiments en place avec un minimum d'interférence avec les éléments de construction du
puits. Les rabattements mesurés dans les intervalles d'injection et d'observation des tests ont été analysés
par modélisation numérique inverse pour reconstruire les profils hétérogènes de Kn, Ku et
d'emmagasinement spécifique. Les résultats ont été vérifiés en comparant les rabattements mesurés avec
ceux prédits par la modélisation ainsi qu'avec des mesures in situ et de laboratoire de Kn et K,. Les
résultats indiquent que le profil de K" obtenu par tests d'interférence verticaux est similaire au profil
obtenu de mesures en laboratoire à l'aide d'un perméamètre sur des échantillons de sédiments pris dans
les mêmes intervalles que les tests d'interférence. Ceci démontre donc que les tests d'interférence
verticaux par choc hydraulique sont efficaces pour la mesure in situ de K" à l'échelle du puits.
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Abstract
Meaningful understanding of flow and solute transport in general requires the knowledge of hydraulic
conductivity and its anisotropy. Various field methods allow the measurement of the horizontal
component (K6), but vertical hydraulic conductivity (K") is rarely measured, for lack of practical freld
tests. This paper proposes vertical interference slug tests, an adaptation of inter-well interference slug
tests to a single well, for the efficient field measurement of K". The test is carried out in a single well
between a stress and an observation interval that are vertically isolated with a three-packer assembly. An
instantaneous pressure pulse is induced in the stress interval and resulting drawdowns are recorded in
both the stress and the observation intervals. In a proof-of-concept field study, 12 vertical interference
tests were carried out sequentially along a fully-screened well across a moderately heterogeneous and
highly anisotropic aquifer made up of littoral silts and sands. A direct-push method was used to install the
well, which was completed without sand-pack to allow the natural collapse of sediments in the thin
annular space around the screen. Direct-push wells allow the measurement of in situ hydraulic properties
of sediments and minimize well construction interferences with hydraulic tests. Drawdowns measured in
stress and observation intervals of multiple tests were simultaneously inverted numerically to reconstruct
heterogeneous profiles of K6hydraulic conductivity anisotropy (K/K), and specific storage (S"). Results
were validated by comparison of observed versus predicted drawdowns and with field and laboratory
measurements of Kr, and K, made along the tested well. Results indicate that the profile of K, values
obtained with vertical interference slug tests follows a similar pattern with depth than the profile with lab
measurements made with a permeameter on soil samples collected in the same intervals as the
interference tests, which demonstrates that vertical interference slug tests could provide an efficient
method for the field measurement of well-scale K" values.

Keywords: Vertical hydraulic conductivity, Interference slug test, Heterogeneity, Anisotropy, Inverse
modeling, Direct-push well

109



Introduction

Vertical hydraulic conductivity, Ku, values are commonly obtained from laboratory permeameters on

vertical soil samples collected in the field (Wenzel, 1942). Permeameter tests can be carried out either on

the original sample, if relatively undisturbed, or on a repacked sample. The difficulties in the

experimental procedure related to soil sample collection and manipulation for certain geological units

might, however, limit the capability to obtain estimations of hydraulic parameters from laboratory

measurements (Stienstra and van Deen, 1994). Field tests involving undisturbed volumes of investigation

would thus provide a more suitable basis for the estimation of both K1, and Ku, even though under suitable

conditions permeameter tests can represent a reliable method to estimate K".

Permeameter tests may also be time consuming when many measurements are needed (Klute and

Dirksen, 1986). Permeameter tests are thus mostly restricted to a small number of samples and seldom

used extensively as part of routine hydrogeological characterizations; its application being mostly

restricted to scientific demonstrations (Johnson et al. 2005; Sudicky et a1.,2010). Furthermore, in the

case of permeameter tests, they only provide Ku estimates for the shallow unsaturated parts of aquifer that

are accessible at soil surface. Thus, there is a need for an efficient K, measurement method that can apply

in observation wells that reach deeper units.

The restriction imposed by soil sample collection and manipulation for laboratory measurements often

requires the use of field tests, instead, to estimate hydraulic parameters. Kabala (1993) proposed the

dipole-flow test for the direct measurement of both Knand Ku. In the dipole-flow test, two chambers are

isolated in a well with inflatable packers. During the test, water is pumped at a constant rate from one

chamber to the other, which generates a circulation of water in the aquifer next to the well. Pressure

transducers are installed in the chambers to monitor head changes. Steady state and transient analysis of

the dipole-test have been used to estimate aquifer properties (Kabala, 1993; Xiang and Kabala, 1997;

Zlotnick and Ledder, 19961, Zlotnick and Zurbuchen, 1998; Zlotnick et a|.,2001). However, the solution

for both Kn and K, only using head changes is non-unique. To resolve this non-uniqueness, Hvilshoj et al.

(2000) proposed an inverse numerical multilayer model constrained with pressure responses in the dipole

and in adjacent piezometers. Sutton et al. (2000) also proposed to combine a steady-state dipole flow test

with the use of a tracer to measure the travel time of the circulation loop between the two chambers. For

larger scale evaluation of Kr, Goltz et al. (2008) proposed to extend the dipole-flow test to chambers

isolated into distant wells. Tandem circulation wells tests are carried out with or without tracers.
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Although the dipole test has become a proven method, for most hydrogeological studies the logistics

involved in such a test restricts it from becoming a routinely used characterization method. In the

petroleum industry, vertical pulse interference tests are used to estimate Ku (Burns, 1969; Hirasaki, 1974;

Onur et al., 2004; Sheng, 2009). In a vertical pulse interference test, the stress interval and the

observation point must be vertically separated in a single borehole. lnflatable packers can achieve such a

separation. The stress interval is a partially penetrating screen where a constant pumping rate is

maintained for the duration of the test. The transient pressure data at the stress interval and at the

observation point are recorded for the analysis. However, most analytical solutions available for the

analysis of vertical pulse interference tests are based on superposition of point source or line source

solutions (Burns, 1969; Hirasaki, 1974; Sheng,2009). Point and line source solutions are not valid for

early-test times as the wellbore storage is neglected (Satter et al., 2007). As wellbore storage acts to

negatively influence test results, the pumping time has to be long enough to dissipate the wellbore storage

effects. In shallow aquifers, middle to long-term pumping may be subject to outer boundary conditions,

which may lead to erroneous interpretation of the test (Kruseman and de Ridder, 1990). As used in the

petroleum industry, vertical pulse interference tests are thus not suitable to be used for routine

hydrogeological characterization.

As an effective alternative to existing laboratory and field tests, this paper proposes a field method to

measure K,, a hydraulic parameter that is difficult to obtain in practice with existing methods. The

proposed vertical interference slug test is an adaptation to a single well arrangement of the inter-well

interference slug test (Audouin and Bodin, 2007; Belitz and Dripps, 1999; Brauchler et al., 2007;

Brauchler etal.,2010; LiuandButler, 1995;Novakovski, 1989; Spane, 1996; Spane etal.,1996).The

proposed test involves a conventional slug test carried out between two isolated screened intervals of a

single well using a three-packer assembly. An instantaneous hydraulic pulse is initiated within a stress

interval and pressure responses are measured in both the stress and the observation intervals. Vertical

interference slug tests are deemed effective because they extend the characterization potential of

multilevel slug tests, which measure essentially K,1,, to also measure K, and S, using a similar field-testing

effort. Only an observation interval, for instance, has to be added below a conventional multilevel slug

test assembly.

Testing in direct-push wells without sand packs around screens is also proposed to reduce problems

related to well construction on hydraulic responses. Direct-push installations offer advantages over

conventional installations in unconsolidated formations: they reduce disturbance to the formation.
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eliminate drill cuttings and avoid sand packs, sediments being instead in direct contact with the screen.

This installation method also facilitates the installation of wells that are fully screened across the entire

aquifer thickness, thus providing continuous profiles of hydraulic properties or geochemical groundwater

conditions (ASTM, 2010; USEPA, 2005).

Two altemative field-testing and data interpretation approaches are proposed depending on the level of

heterogeneity of the tested aquifer vertical interval: l) based on assumptions of hydraulic conductivity

anisotropy (KnfK") but vertical homogeneity of the tested aquifer interval, a curve matching procedure

can be used to estimate K6 and i(" as well as specific storage (S,) for individual tests; and 2) when

heterogeneous aquifer conditions are considered, the same parameters (K7,, Ku and.lr) can be derived from

the sequential testing of multiple intervals along a well and the simultaneous numerical inversion of all

data obtained from these multiple tests.

This paper reports the results of a field-based proof of concept study aiming to assess the capability of

single-well vertical interference slug tests to provide representative measurements of in situ hydraulic

parameters, especially Ku,atthe well-scale. The paper is organized as follows. In Section 2, a sensitivity

analysis is done with an analytical model to understand the effects of aquifer properties and field test

conditions on vertical interference slug test responses. Insights gained from the sensitivity analysis will

help to design vertical interference slug tests to produce the best dataset. Hydraulic short-circuits and skin

effects around a well that may affect vertical interference slug tests are discussed in Section 3, so we may

identify these effects in the field data and correct it for a more accurate interpretation. Section 4 describes

the methods used and results obtained from a field application of the proposed test in a heterogeneous and

anisotropic unconsolidated aquifer. In order to assess the validity ofresults, Section 4 compares observed

drawdowns to predicted values obtained from inverse modeling. Validation of results is also based on

comparisons of estimates of Kn and K, obtained from vertical interference slug tests with measurements

of Ka obtained from high-resolution multilevel slug tests and laboratory permeameter Ku measurements

on soil samples. The potential application of vertical interference slug tests is discussed in Section 5, and

the key findings of this study are summarized in Section 6.
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2 Sensitivity analysis of vertical interference slug tests

To assess the effects of aquifer parameters on the responses of vertical interference slug tests, a sensitivity

analysis was carried out with a semi-analytical model. The sensitivity study aims to assess if these

changes in responses hold the potential to resolve the effects ofeach individual hydraulic properties, and

thus provide a means to measure these properties based on test data. A sensitivity analysis on key test and

wellbore parameters is also presented to help in the design of vertical interference slug tests.

For the sensitivity analysis, we used the Kansas Geological Survey (KGS) model developed for the

interpretation of cross-well slug tests under both confined and unconfined conditions (Butler, 1995;

Hyder et al., 1994; Liu and Butler, 1995). The phenomenon of interest is the head ft response, as a

function of radial distance from the well r, elevation z and time t, produced by an instantaneous pressure

disturbance into the screened or open section of a well. The KGS model accounts for K6 K"lKn and S" of

the aquifer, wellbore storage in the stress well, and the presence of a well skin around the stress well. As

illustrated on Figure II.l, the KGS model presumes that the well skin of radius rsk extends over the full

thickness of the aquifer. The skin has transmissive and storage properties that may differ from the

formation as a whole. Hydraulic parameters are assumed uniform within both the skin and the aquifer,

although the components of hydraulic conductivity (K, and, K1,) may differ.

Equations (l)-(9) of Hyder et al., (1994) describe the flow conditions of the system considered for the

KGS model. The partial differential equation representing the flow of groundwater in response to an

instantaneous change in water level at a well screened in an aquifer is the same for both the skin and the

aquifer and can be written as

a2h, ,  lah, , (K,, \a 'h,  Is",  )aa,
at '; a,'l-, )æ 

=l& 
,Ja/

where ài is the head in zone i [Z]; S", is the specific storage of zone i lllLl; K"i and Khiare the vertical and

horizontal (or radial) components, respectively, of the hydraulic conductivity of zone i lLlTl; I is time [I];

r is radial direction lLl; z is vertical direction (depth) [Z] with r0 at the top of the aquifer and increases

downward [Z]; ; is the designator, for r 3r,0, l:1, and for r ) r,o, i:2; and r,6 is the outer radius of the

skin pl.

( l )
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The initial conditions involving equal heads ht and hz in zones I and,2 whose depths z arebetween 0 and

the total thickness of the aquifer can be written as

l 4 ( r , 2 ,0 )=h r . ( r , 2 ,0 )=g  r * , 1 r  1 *  0<z<b

where r*, is the stress interval radius [Z], à is aquifer thickness lL), H is level of water in the well [Z], and

É16 is the static water column height above the observation interval, equal to the level of water in the well

at  t :0, lLl .

The outer boundary conditions are the following:

h(* , t , t ) -o t  >o o3z3b (4)

H(o)= 110

0

m"'z anQ)
L, dt

(2)

(3)

(5)

(6)

àh,(r ,0, t )  _àh,(r ,b, t )  _ o
àz àz

r r . 1 r 1 æ  t > 0

z<d , , 2>d ,+L ,  t >0

d , ) z<d ,+L ,  / >0

whereas the inner boundary conditions at the stress interval are the following:

+f"-'' hr(r.",z,tVz = HQ) r > o

2m*K^

where d" is distance from the top of the aquifer to the top of the stress screen lL]; L, is stress interval

length pl; r" is radius of well casing[Z].

In order to ensure continuity of flow between the skin and the formation, auxiliary conditions at the skin-

formation boundary Q-r,r) must also be met:

(7)
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l 4 ( r , o , z , t )=h r ( r "o , z , t )  0<z<b  t>0 (8)

(e)*^9!*P=Ko,ryf osz<b t>o

Note that the KGS model assumes that wellbore storage effects can be neglected in the observation

interval. To obtain test data with minimal wellbore storage effects, the observation interval should be

straddled with packers (Sageev, 1986). If need be, wellbore storage in the observation interval could also

be considered using the superposition approach of Novakowski (1989) and Tongpenyai and Raghavan

( le8  1) .

(c) nested well

Legend

3 sand-pack
I seal

I pacrer
=
p well screen
[:;I assembly screen

s = stress
o = observation

Aquifer

Aquitard

Figure II.1 Well arrangement and definition ofparameters for a vertical interference slug test in a hypothetical confined
aquifer: (a) between two intervals isolated using a three-packer assembly in a direct-push well fully screened across the
aquifer (as used in the field study reported in this paper); (b) the same conliguration as (a) but in a sand-packed well with
inter-spaced bentonite seals in the sand pack to prevent hydraulic short-circuiting; and (c) between two piezometers of a
nested well. Symbols used for parameters are defined in Table II.1.

For homogeneous and anisotropic aquifer conditions, the KGS model can thus be used to simulate the

responses of a single-well vertical interference slug test for the three types of test configurations

illustrated in Figures II.la-c. For this sensitivity analysis, the KGS model is used to simulate conditions

representative of a direct-push installation with fully-screened well (Figure II.la). Further details about

Hs

I

lws = fwo
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test configuration are provided in Section 3.3. Test parameters (and their symbols) applying to these

conditions are illustrated in Figure II.la and defined in Table II.l. For the fully-screened configuration, a

three-packer assembly was used to isolate a stress (transmitter) interval, in which an instantaneous head

change was induced, from an observation (receiver) interval. Following that pulse, changes in heads with

time were recorded in both the stress and observation intervals. Further details about field operations are

provided in Section 4.

Table II.1 Aquifer and borehole pârameters used for the base case in the sensitivity analysis with the KGS model. The
vertical distance (corresponding to depth) is increasing downward and its origin (zero value) is the top of the aquifer
(Figure II.1).

Aquifer properties

Horizontal hydraulic conductivity (K6)

Specific storage (S")

Hydraulic conductivity anisotropy (KJ Kr)

Aquifer thickness (à)

1x l0'5 m/s

I t l0-a m-r

0 .1

12m

Stress interval parameters

Static water column height (H")

Depth to top of intewal (d,)

Interval length (2")

Inside radius of well casing (r.)

Inside radius ofscreen (r,,)

Well coordinates (R")

4 . 5 6 m

3.95 m

0 . 6 1  m

0.0127 m

0.0254 m

0 m

Observation interval parameters

Static water column height (11,)

Depth to top of intewal (d,)

Interval length (2,)

Inside radius ofscreen (r,o)

Well coordinates (R")

5.48 m

5 .18  m

0.30 m

0.0254 m

0.0254 m
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2.1 Aquifer parameters effects

The shape and amplitude of the hydraulic responses in both the stress and observation intervals during a

vertical interference slug test is determined by diffusivity. The diffusivity is the ratio of K (Kn and K,)

over ,S". To better understand the role of each component of the diffusivity on pressure pulse propagation,

the values of individual hydraulic parameters were varied one at a time, while holding all other properties

and parameters constant. The base case used for the sensitivity analysis is for the aquifer parameters, test

welVaquifer configuration listed in Table II.l and shown in Figure II.la. Simulations were made for the

base case and compared to simulations with lower and higher values of K6 S, and KJKn. Semi-log plots

of dimensionless drawdown (HlH,) versus time presented in Figure II.2 illustrate the results of the

sensitivity analysis. As expected, varying hydraulic parameters causes significant changes in the shape

and amplitude of the predicted hydraulic responses in both the stress and the observation intervals.

The influence of K1, on the slug interference response in both the stress and the observation interval is

illustrated in Figure IL2a. As shown, K7, significantly controls the timing of slug test head responses in

both the stress and observation intervals. The stress interval exhibits the typical progressive drawdown

recovery of slug tests, with faster recovery for higher K1,. The dimensionless drawdown response in the

observation interval has the form of a pulse that is more delayed in time for lower K6 For a constant

value of S", the relationship between Knand drawdown response time is thus inversely proportional, with

higher K7, associated with faster propagation of the head pulse. Horizontal hydraulic conductivity,

however, exerts no effect on shape and amplitude of the drawdown response in the stress and observation

intervals.

In contrast, Figure II.2b shows that ,S" significantly influences the amplitude and shape of the response in

the observation interval. Specific storage also affects the arrival time of the initial head response and the

peak amplitude of the pulse. Lower values of S" are associated with larger head responses and faster head

propagation. In contrast to the large variations of responses in the observation interval, the responses in

the stress interval only show a slight delay at early-test times for differing values of S", whereas late-test

times are not affected by changes in S" for the test assembly used in the sensitivity analysis.

Figure II.2c shows the effects of KulKn on slug test response in the stress and observation intervals. As for

S", changes inKJKn exert a pronounced effect on the amplitude and shape of the head response in the
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observation interval. Lower values of KrlKn are associated with smaller head responses and slower head

propagation. Hydraulic conductivity anisotropy also affects the arrival time of the head pulse peak.

Comparison of Figures II.2b and 2.2c for the observation interval shows that KulKn effects are quite

similar to those caused by ^1"; the effect of increasing K,lKn by one order of magnitude is similar to the

effect obtained from decreasing ,S" also by one order of magnitude. Figure II.2c shows that KulKn also

slightly affects the response in the stress interval in a way that differs from the effect of ,S". Figure II.2b

shows that ̂ S" mostly influences drawdown for early-test times, whereas KrlKn effects are exhibited at

late-test times. The distinct effect of S" and KJKn on the drawdown response obtained in the stress

interval thus offers a means of distinguishing differing values of these two aquifer properties.

102

Time (sec)

102

Time (sec)

Figure II.2 Dimensionless drawdowns trIlÀIo versus time in the stress (S-shaped curves) and observation (bell-shaped
curves) intervals considering the influence of hydraulic pârâmeters on vertical interference slug test responses: (a) effect
of horizontal hydraulic conductivity (fi); (b) effect of specific storage (S,); and (c) effect of hydraulic conductivity
anisotropy (KJKù. On these graphs and those of Figures II.3, II.4 and II.5, the plain line, bold line and dashed line
represent the responses for the base case, for a high value and for a low value relative to the base case, respectively. The
scale oI HlHo for the observation interval is not the same as the scale used for the stress interval in (a) and (b), as well as
in Figures II.3, II.4, II.5, II.6, II.9 and II.13.

2.2 Test and wellbore parameters

A sensitivity analysis was also carried out to evaluate the effects of selected test and wellbore parameters.

The base case used for the comparison of responses is the same as the one presented in Section 2.1 for the

sensitivity analysis of aquifer parameters (Table II.l). Parameters considered in this sensitivity analysis

included 1) stress interval wellbore storage, 2) stress and observation interval distance, and 3) skin

horizontal hydraulic conductivity (K7,').

Figure II.3a shows test responses in the stress and observation intervals for different wellbore storage

values obtained by varying the radius of the stress well casing (r"), while holding constant the radius (r.")

Time (sec)
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and the length of the stress screen (2"). As discussed by Brauchler et al. (2007), Figure II.3a shows that

large wellbore storage values, which correspond to a larger volume of water injected or withdrawn for the

slug test, greatly increase the peak amplitude and duration of the head response in the observation

interval. In practice, the peak amplitude in the observation interval may be quite small for conditions of

high hydraulic conductivity anisotropy, which may limit the accuracy of the measured response. In order

to obtain an accurately measurable head response in the observation interval, the volume of injected water

(or wellbore storage) should be as large as possible, which may be obtained by using either a large stress

well casing radius or a high initial water displacement.

Figure II.3b shows the effects of the distance between stress and observation intervals on the hydraulic

response in these intervals. A shorter distance between stress and observation intervals leads to earlier

head peak arrival time and longer duration head response having higher amplitude. The maximum

distance to ensure accurate head measurements in the observation interval is difficult to quantiff because

of the combined effects of hydraulic properties, the magnitude of initial water displacement, and the

sensitivity of the pressure transducers used. For the range of aquifer properties used in this sensitivity

analysis, a stress-observation distance of up to I m with an initial water displacement of I m is expected

to produce a maximum head displacement in the observation interval of approximately I cm, which is

considered sufficiently accurate for quantitative interpretation considering common pressure transducer

accuracy.

As indicated in Figure II.3c, vertical interference slug test responses in the observation interval are more

sensitive to low-K skin than high-K skin. For this sensitivity analysis, KulKn and & for the skin and the

aquifer were assumed to be the same. A high-K skin slightly reduces the peak arrival time and increases

the peak amplitude in the observation interval. Low-K skin effects are in the opposite direction but with

more pronounced effects for the same magnitude of chan ge in K6' . These simulations indicate what could

be observed for interference slug tests carried out in wells having various levels of development. A high-

K skin could result from an over-developed well around which most of the fine material is removed by

the development, whereas a low-K skin could result from a partially clogged screen. Figure II.3c thus

shows that over-development would not significantly affect a vertical interference slug test response,

whereas poor development would seriously deteriorate the response if skin effects cannot be modeled in

the data inversion. The high-K skin may also correspond to the effect of a sand pack. In this perspective,

Figure II.3c suggests that the installation of a relatively thin sand pack around the screen of a

conventional well would provide interference slug test data leading only to a slightly over-estimated K".

For instance the simulation with a Kh' one order of magnitude higher than the Kt of the formation and a
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skin radius r"r twice the radius of the well r,, will produce a change in K, of less than l0%, holding S"

constant.

2.3 Considerations for test analysis and design

As previously shown, & and KlKn have similar effects on the shape and amplitude of the head response

obtained from an interference slug test in the observation interval. For instance, for a given value of K7,,

various combinations of S" and, KulKn values can provide nearly identical head responses in the

observation interval. To fully discuss the implications of results shown in Figures II.2b and 2.2c,Figure

II.4 shows results obtained from combinations of S" and KrlKpvalues leading to the same responses in

the observation interval. Contrary to the identical observation interval responses, the stress interval

responses, which have the same overall shape, are however translated on the time axis for the same

combinations of ,S" and, KrlK1, and the same value of K6 This translation of head responses in the stress

interval is due to the fact that S" and KJK1, act at different times on the stress interval response; ,S" acting

on early-test times (Figure II.2b), whereas K,lKn affects mostly late-test times (Figurell.2c). Then to

distinguish unique combinations of Ka, S" and KulKn with vertical interference slug tests, it is necessary

to integrate the measurements obtained from both the stress and observation intervals into the

interpretation.

0 0 5  1

0 0 4  0 8

0 0 3  0 6

0 0 2  0 4

0 0 1  0 2

0 0
1o '

Tim€ (sec)

1o'
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Figure II.3 Influence of various borehole-aquifer test configurations on vertical interference slug test responses in the
stress and observation intervals: (a) effect of wellbore storage; (b) effect of vertical distance between stress and
observation intervals; and (c) effect ofskin horizontal hydraulic conductivity (I(À') - the radius ofthe skin is two times the
radius ofthe screen (r"1 :2rno:2r,") (anisotropic conditions for the aquifer and the skin were assumed to be identical, i.e.
K,'lKr':9.11.
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Figure II.4 Sensitivity analysis of responses for various combinations of specific storage (S") and hydraulic conductivity
anisotropy (K,/K) for a fixed value of horizontal hydraulic conductivity (f1). This analysis shows that hydraulic
properties for vertical interference slug test can be resolved by integrating the responses obtained in the observation and
stress intervals in the interpretation.

The Figure II.5 illustrates the effects ofthe stress interval aspect ratio on the vertical interference slug test

responses. The aspect ratio is defined as the screen length (2") over screen radius (r""). The aspect ratio

and KulKn appear in the same dimensionless parameter in the KGS model. A smaller aspect ratio leads to

a greater proportion of slug-induced vertical flow in a homogeneous formation. By varying the aspect

ratios and KulKn values, the Figure II.5 shows that smaller aspect ratios (smaller sfress interval length)

lead to larger K,lKl effects on the stress interval response. A small aspect ratio should thus be used to

obtain test data facilitating the estimation of Ku from vertical interference slug tests.
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Figure II.5 Sensitivity analysis ofresponses for various combinations ofhydraulic aspect ratio (Ltr*): (a) 4.E; (b) 24; and
(c) 120. For a screen interval radius of 2.54 cm, those aspect ratios correspond to stress interval lengths of 0.12 m, 0.61 m
and 3.05 m, respectively. An aspect ratio of 24 was used for the sensitivity analysis of Figures ll.2rIl.3 and II.4 as well as
for the field application reported in this paper.
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3 Hydraulic short-circuit effects

Multiple tests over different parts of an aquifer in the same well can greatly improve aquifer

characterization. Multiples tests can also provide indications as to whether test responses are

characteristic of the aquifer or are affected by poor well installation. Skin effects that can alter the

responses of vertical interference slug tests were illustrated in Section 2.2.

Another kind of well construction bias that can affect hydraulic responses, in particular with vertical

interference tests carried out in direct-push wells, are hydraulic short-circuits. For this study, hydraulic

short-circuits are defined as preferential flow paths that have been created by the incomplete collapsing of

sediments around a screen during direct-push well installation and development. Two kinds of hydraulic

short-circuits were observed during field experiment reported in this paper: static short-circuits (SSC) and

dynamic short-circuits (DSC). "Static" refers to the fact that the transmissivity of the short-circuit is

constant throughout the duration of the test, as opposed to "dynamic", for which the transmissivity is

decreasing during the course ofthe test.

It should be mentioned that DSC could be modeled only with a porous-elastic model, which is beyond the

scope of this study. Short-circuit effects are instead illustrated with vertical interference slug test datasets

from the forthcoming field program reported in this study, so that such effects can be recognized and

accounted for during the analysis (type-curve matching or numerical inversion).

3.1 Static hydraulic short-circuits (SSC)

From a hydraulic viewpoint, a SSC may have similar effects as high-K skin (Figure II.2c). However, a

SSC may have greater effects on hydraulic responses because preferential flow paths are not necessary

filled with sediments and thus constitute a direct connection between the stress and observation intervals.

As shown in Figure Il.6a, a major SSC may be detected when the response in the observation interval

have a similar shape than the theoretical curve but a much higher than expected amplitude response. For

this test, the amplitude of the response in the observation interval is approximately half the amplitude

recorded in the stress interval (H/H":0.5). This is far more than the amplitude recorded for other tests in

the same well (HlH"= 0.01-0.03). As an additional insight on the occu11ence of a SSC, the hydraulic

response in the observation interval could not be reproduced with the KGS model without modeling a
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skin with low S" and high K. As the real skin hydraulic parameters are unknown for this case, it was not

possible to estimate aquifer parameters from this test. The more cohesive clayey silt present at the base of

the well (Figure ILTa) may have prevented the collapse of the formation on the well screen, thus

explaining the presence of such a large SSC.

It should be noted that a smaller SSC could also affect vertical interference tests and that their presence

may be harder to diagnose. As for a high-K skin, a Ku over-estimation would be obtained from data

affected by the presence of a SSC.

3.2 Dynamic hydraulic short-circuits @SC)

Unlike SSC, the transmissivity of a DSC is pressure-dependent of the stress response and thus decreases

with time after the initiation of the head change at the beginning of a vertical interference slug test. This

is the most common type of test bias observed in the study presented in this paper. It is hypothesized that

even though sediments might have completely collapsed around the screen during direct-push well

installation and development, the sediments in contact with the well screen might have lost some of their

stiffness. Sediments such as clayey silt may have been compressed over their limit of elasticity by the

casing used to install the direct-push well. As a result, when a large head change is applied in the stress

interval, the sediment in contact with the screen are then more easily deformed and thus allow the head

difference to propagate along the well. As the head change in the stress interval decreases, sediments

gradually recover their original shape and the pressure propagation along the well is reduced accordingly.

A dataset showing a typical DSC response (observation in Figure II.6b) was analyzed in more details to

explain the effects of a DSC on field data. The effects of a DSC can be recognized by the deviation of the

hydraulic response for early-test times, compared to the theoretical response that would be obtained

without any DSC effects (full red line in Figure II.6b). This theoretical curve was obtained with the KGS

model based on a match to observed peak amplitude and late-test times data (see Section 4.4.2).

Measurements for early-test times are above the theoretical response (HIH, of 0.066 instead of 0).

Specifically, observed drawdowns in the observation interval decreased for the first 3 seconds, stabilized

for 2 seconds and then increased until the peak amplitude was reached. This suggests that a DSC affects

the response in the observation interval only for the first 3 seconds and that over this period both DSC

and aquifer responses are superposed to produce the observed response.
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To better understand the dynamics of a DSC, modeling was done with the KGS model of the hydraulic

response produced by a high-K skin (or SSC) having an equivalent effect on the initial drawdown

measured (at I sec) in the observation interval (long-dashed line in Figure II.6b). The high-K skin

response was modeled by adjusting the skin hydraulic parameters to fit the first drawdown points

observed in the observation interval, while keeping the aquifer parameters the same as those estimated in

Section 4.4.2 (or plain red line in Figure IL6b). Measured drawdowns in the observation interval are

actually well below the calculated response that an equivalent high-K skin would produce. It appears that

we cannot reproduce the characteristic shape measured in the observation interval (decreasing then

increasing drawdowns), which is affected by DSC, by assuming a constant skin transmissivity.

Since a DSC cannot be modeled with the KGS model, the DSC response was empirically represented. As

it is expected that the variation in transmissivity of a DSC is pressure-dependent of the stress interval

response, an exponential decay function was thus used to model the drawdowns induced by the DSC.

Two exponential models were fitted (Figure II.6c): the exponential decay was fitted with the first 3

seconds of the observation interval response, which are only affected by the DSC (DSC-3 sec in Figure

II.6b); the stress interval response for the entire test duration was rescaled to the first drawdown measured

in the observation interval (DSCend in Figure II.6b). For scenario DSC3sec the head effect of the DSC is

completely dissipated after 96 seconds, whereas for scenario DSCend the DSC effects last for the entire

duration of the test (700 sec). The latter scenario may be considered as a worst-case scenario.

To illustrate the DSC effects on K, estimates, the observed drawdowns in the observation interval were

corrected for the two pressure scenarios (Figure II.6b). The drawdown induced by the DSC was

subtracted from the observed drawdown in the observation interval. With the scenario DSC3sec, only

early-test times are affected without changing significantly the peak amplitude and late-test times

drawdown. For scenario DSCend, peak amplitude is somewhat reduced as well as drawdown for late-test

times. For this scenario, the K, that was initially estimated at l.2xl0-7 m/s with the original data is now

reduced to 9.5x10-8 m/s with corrected data (DSC3end). It can be concluded that for the magnitude of

DSC observed in this study, we may expect a slight over-estimation (26%) of Ku with vertical

interference slug tests. In addition, the implication for test analysis is that measured drawdowns in

observation intervals can be corrected, as previously done, or early-test time data affected by DSC can be

ignored in the analysis.
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Figure II.6 (a) Example of a major static short-circuit (SSC) detected in the observation interval as see by the very high
amplitude response. (b-c) Sensitivity analysis to simulate the effects of a dynamic hydraulic short-circuit (DSC) in the
observation interval. Figure (b) shows the observed dimensionless drawdowns HlHo in the stress interval (t8) and
presumed exponential decays of the initial HlHo values in the observation interval (r8), which are related to a DSC, based
on the observed decay over the first 3 seconds (DSC3sec) and a worst-case scenario with decay lasting until the end ofthe
700 seconds observation period (DSCend). These calculations are also reproduced in Figure (c), which shows ,6IlI[, in the
observation interval for several cases: the actual measurements (rE), measurements corrected using the calculated DSC
exponential decays (DSC3sec and DSCend), and simulated responses using the KGS model without DSC effect (KGS) and
using a constant high-K skin that does not dissipate dynamically.

3.3 Considerations for well design

A vertical interference slug test can be conducted using several different test assembly configurations

(Figures ll.la-c). Figure ILla illustrates tests carried out in the same fully-screened well with a three-

packer assembly used to isolate two intervals. The section between the upper two packers is used as the

stress interval, while the section between the lower two packers is the observation interval. This assembly

can then be used to test a single homogeneous interval or moved sequentially vertically down the well to

test the entire screen length. In non-cohesive soils (e.g., gravel, sand), fully-screened direct-push wells

(Paradis et al., 2010) or hammer-driven wells (Morin et al., 1988) installed without sand-packs are best

suited to measure natural hydraulic properties of the formations. During well installation, however, care

should be taken to minimize the risk of hydraulic short-circuits. Open boreholes in rock formations may

also be tested with such a test confizuration.

For cohesive or semi-cohesive soils (e.9. clayey silt), where the natural collapse of the sediments onto the

screen well is uncertain, a sand-packed well (Figure II.lb) with inter-spaced bentonite seals placed to

prevent short-circuiting may be a better alternative in such formations (Butler et al., 1994; Ptak and

Teutsch, 1994). To obtain continuous profiles, the locations of the seals should be carefully selected to

isolate each stress interval from the observation interval along successive testing positions. An altemative
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might be to test only homogeneous intervals along the well. In this case, seals should be used to separate

the homogeneous intervals and for each interval another seal should be used to avoid short-circuits.

Depicted in Figure II.lc is another configuration that can test a single interval between two isolated

piezometers in a nested well. With this arrangement, the bentonite seal between the screens prevents

hydraulic short-circuits. In nested wells, either piezometer can be used as a stress or an observation

interval. This configuration is restricted to cases for which the stress and the observation intervals are in

the same homogeneous and anisotropic layer. If long screens are installed, a packer should be used to

reduce the length of the stress interval in order to get a small aspect ratio.

It is not recommended to conduct vertical interference slug tests in conventional wells without any special

considerations for the installation of the sand pack. The radius and the permeability of the sand pack must

be designed properly to avoid the sand pack from completely hiding the hydraulic response of the aquifer.

Sand pack parameters can then be integrated into the model (analytical or numerical) to estimate aquifer

parameters. In addition to reducing the risk of creating a skin around the well screen, well development

operations should make sure to unclog the screen, but over-development that can remove too much fine

sediment should be avoided.

4 Field test examples

4.1 Study site

To demonstrate the potential use of vertical interference slug tests to estimate Ku, a freld study was

designed and carried out to l) apply the field testing procedure, 2) generate data to be interpreted using

two approaches depending on the level of heterogeneity of the tested interval, and 3) validate hydraulic

parameter estimates derived from interference slug tests by a comparison with results derived from a high

resolution K1, depth profile measured with multilevel slug tests and K, laboratory permeameter

measurements using soil samples. The field test was conducted in a direct-push well installed into an

aquifer composed primarily of surficial Quaternary sediments that were deposited and reworked by the

Champlain Sea (Bolduc, 2003). The aquifer is located in Saint-Lambert-de-Lauzon along the St.

Lawrence River, 40 km south of Quebec City, Quebec, Canada (Paradis et al., 2010). Considering

regional geological data and more than 25 cone penetration tests (CPT) with soil moisture resistivity

(SMR), the hydrostratigraphy of the aquifer was found to be controlled by the sedimentary architecture of
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a spit that formed in a littoral environment. At this site, the spit has a range of grain textures from fine

sand to clayey silt (Figure ILTa). Sediment samples often show rapid transitions in grain-size over less

than a decimeter. Vertical profiles of hydraulic conductivity and hydraulic heads indicate semi-confined

conditions, which result from altemating sand and silt layers. The water table is generally I to 2 m below

the ground surface. A till layer overlying bedrock and varying in depth from surface outcrop to 22 m acts

as a hydraulic barrier at the base ofthe aquifer.
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Figure II.7 (a) Hydrostratigraphy of the test well shown by cone penetration test (CPT) data translated into soil textures
(according to the Fellenius and Eslami (2000) CPT soil classification chart). (b) Hydraulic conductivity data at a vertical
resolution of 15 cm measured by multilevel slug tests (K1) and permeameter tests on soil samples (K,) over the same
intervals. (c) Locations of tested intervals (61 cm) by vertical interference slug tests. (d) Numerical grid used for data
inversion. In the test location numbers. / stânds for transmitter (stress interval) and r stands for receiver (observation
interval).

4.2 Direct-push well and sediments core sampling

A single test well was installed using a direct-push rig and the protected screen standard technique

(ASTM, 2004). After well installation and development, the sediment was continuously sampled at a

location I m away from the well using a piston-rod sampler hammered with a direct-push rig (Paradis et

al., 2010). This method allowed for the recovery of 8 cores over the thickness of the aquifer (38 mm-

diameter and 1.52 m-long inside a transparent polyethylene teraphthalate (PETG) liner, 830/o overall

recovery).
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4.3 Multilevel slug tests and laboratory permeameter tests

Multilevel slug tests were used to establish a Ki, profile along the well. Multilevel slug tests involve the

use of packers to isolate a screened interval of a well to conduct a slug test (e.g., Butler,1998; Ross and

McElwee, 2007; Zemansky and McBlwee, 2005). A total of 60 Kn estimates were obtained from

multilevel slug tests at 15 cm interval (Figure II.7b). Paradis et al. (2010) provide a more a detailed

description of the test assembly and procedure.

As proposed by Johnson et al. (2005), an automated falling head laboratory perrneameter was set up by

instailing pressure transducers at the base of multiple falling head devices (reservoir) and recording

changes in hydraulic head with time with the pressure transducers. To estimate K, values of soil samples,

permeameters were designed to accommodate the 38 mm-diameter PETG liner containing soil samples

with varying length. This was done to reduce sample manipulation in order to minimize disturbance of

original sediments. Each 1.52 m-long sample were subdivided into 15 cm-long subsamples. The

subdivision was coincident with the test intervals used in the multilevel slue tests and vertical interference

slug tests.

Subsamples were then compacted at a pressure corresponding to the sampling depth with a hydraulic

press. Occasional voids in the subsamples were locally repacked to avoid a hydraulic short-circuit along

the sample sleeve. Each falling head device was placed over a subsample saturated with water at room

temperature to initiate a test. The rate of decline of the water level in the reservoir was then used to

calculate Ku using a solution based on Darcy's law (Fetter, 2001). The total number of subsamples tested

with falling head permeameter was 34 (Figure II.7b). Duplicate tests (2 to 3) that were conducted on

numerous subsamples indicated a high degree of reproducibility (coefficient of determination of 78 %").

All K" values were temperature-corrected to a groundwater temperature of 8 "C representative of field

conditions (Sudicky et a|.,2010).

4.4 Vertical interference slug tests

For this study, inflatable packers were built over 2.54 cm inside-diameter polyvinyl chloride (PVC)

tubing (Figure II.8a). Threads on the PVC tubing allowed the use of variable screen lengths between

packers. An airline was attached to the packers and connected at the surface to an air compressor to

inflate the packers to the desired pressure (510-620 kPa). The dual-packer assembly was also connected
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by a 2.54 cm inside-diameter PVC riser pipe to the surface, within which water levels were monitored

with a pressure transducer during the slug test. A rigid tape was attached near the top to accurately locate

the position of the straddled interval. The arrangement of screens used for this study is shown in Figure

II.8. The screens corresponding to the stress and observation intervals are 6l cm and 30 cm-long,

respectively, while the separation between the bottom of the stress interval and the top of the observation

interval is 6l cm. Vertical interference slug tests were made at 6l cm intervals at elevations coincident

with the intervals tested by the multilevel slug tests and the permeameter tests.

nser prpe

top packer

stress
interval

middle packer

bottom packer

Figure II.E Picture (a) and (b) schematic representation of the vertical interference slug test assembly used for the field
experiment.

Once packers were inflated, to facilitate test interpretation, a trend-monitoring period was continued until

stabilization of pressure transducers (pressure interval 0-10 m; minimum accuracy and resolution 0.5 cm

and 0.00006 m, respectively) located within the stress and the observation intervals as well as the air

pressure applied to the packers.

After this period, slug tests were carried out using a pneumatic method to induce the initial lowering of

the water level (Levy and Pannell, 1991). For this purpose, a wellhead assembly was attached to the top

of the riser pipe that contained an airtight adapter that allowed a transducer cable to pass and a ball valve
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for an instantaneous release of pressure. An air compressor was also connected to the wellhead assembly

to increase air pressure in the riser. A calibrated digital air pressure gauge was used to accurately set the

desired initial hydraulic head change for the slug test and to verifu air pressure stabilization before

initiating the slug test. For each test, the initial drawdown was as high as practical to produce a response

in the observation interval that is larger than the head resolution of the pressure transducer. The initial

head induced for all tests with this device ranged from 1.06 to 7 .78 m (Table II.2).

Table II.2 Summary of vertical interference slug tests carried out along the well. Prefix / is for transmitter (stress
interval) whereas r is for receiver (observation interval). *: values for data recorded in the observation intervals. The
scaling factor is used in the Levenberg-Marquart algorithm to account for the discrepancy between stress and
observation head responses.

Test #

Maximum
_L_-_ - - . _ r  sca l rng
oDserveo

, Iactor
amDlltuoe--i;l;-- (stress/obs')

Early time
data

interval
removed
(second)*

t l r l

t2r2

t313

t4r4

t5r5

t6r6

t7r7

t8r8

t9r9

t l0 r l0

t l  l r l  I

t l2 r12

r .06

1.49

l . l 5

2 .79

3.59

3.65

4.25

4.83

4.44

6.85

7.05

7.78

0.005

0.002

0.002

0.012

0.028

0.004

0 .01 I

0 .010

0.032

0.021

0.066

0.425

0.005

0.003

0.003

0.034

0.099

0 .015

0.045

0.049

0.142

0. t44

0.468

3.306

0.1/0.001

0.1/0.001

0.1/0.001

0.1/0.005

0.1/0.005

0.1/0.005

0.1/0.005

0.1/0.005

0.1/0.005

0.1/0.005

0.1/0.005

0

0

0

0

0

70

25

25

l0

8
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130



A total of 12 vertical interference slug tests were carried out to measure K, along the well (Figure II.7c).

Vertical interference slug tests were conducted systematically at successive 6l cm interval to obtain data

over the entire well screen length. Figure II.9 shows recorded data for the 12 tests whose duration was a

maximum of 45 minutes. As summarized in Table II.2, drawdowns measured in observation intervals

were often quite small ranging from 0.30 to 46 cm. This emphasizes the importance of designing a slug

test device able to induce a large stress on the aquifer combined with the need to use very sensitive

pressure transducers. As with any slug test, varying and repeated head changes were imposed for quality

control and to veri$r repeatability (Butler et al.,1996).

Testing of a single well by vertical interference slug tests can be carried out at any depth increment

without extracting the test assembly from the tested well. Therefore, testing time for a specific well

depends on testing time for a single interval, which includes several steps: repositioning the test

assembly, inflation of packers, waiting for pressure stabilization within tested intervals by following real-

time transducer measurements, running tests with several hydraulic heads, and deflation of packers. The

duration of the various steps involved in vertical interference slug tests can vary, but in moderate

hydraulic conductivity silts and sands, a single interval can be tested in less than 60 minutes. This time

decreases for more permeable formations. For a measure of hydraulic properties over a different scale, the

test assembly can be modified after removing the assembly outside of the well. Modification, under field

conditions, can usually be accomplished within a few minutes by simply exchanging the middle packer.

4.4.1 Analysis by inverse modeling for heterogeneous cases

To handle the heterogeneous and anisotropic conditions observed along the study well, we analyzed

vertical interference slug test data using the lr2dinv (linear and ladial 2D i4version) code developed by

Bohling and Butler (2001). The program consists of a two-dimensional finite-difference flow model

coupled with a Marquardt-Levenberg regularization of a least-squares estimation of hydraulic parameters.

The code uses a logarithmic transformation of radial coordinates to transform the radial flow problem into

Cartesian coordinates (axis symmetric). The linear problem is then solved on a rectangular grid, with

regular grid increments in the vertical and transformed radial directions. The basic hydraulic parameters

used in the model are Kp, KlKn and S". A separate zonation of the model grid oan be specified for each

parameter to simulate complex aquifer conditions, and each parameter can be defined as known or

unknown on a zone-by-zone basis. The code allows for simultaneous analysis of head responses from any

number of tests, each represented by different sets of initial and boundary conditions. In addition, the

program considers wellbore storage and the placement of packers in wells.
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1.1.1.1 Numerical  gr id

The domain used for the inversion was composed of variable-size rectangular elements and measured

9.45 m x 121.5 m (Figure II.7d). A simulation grid with 14 cells of dimensions ranging from

approximately 0.021 m to 55 m was used along the transformed radial axis and 62 cells of 0.1524 m

thickness were used along the vertical axis. The grid was adjusted to fit the locations of the packers used

during the field experiment reported in this paper.

The grid was thereafter subdivided into 16 layers with a thickness of 6l cm, which correspond to the

length of the stress interval used for the tests (Figure II.7d). The comparison of the first two stress interval

responses (tlrl and, t2r2) with previous slug tests carried out earlier for another study suggests that a low-

K skin is present. The first column of cells adjacent to stress intervals tl and t2 were then simulated as a

skin with imposed values of lx10-6 m/s, I and lx10-6 m-r for K1,, KrlK1, and,S", respectively. Values of

hydraulic parameters of these 16 layers were not constrained during the inversion except for the cells

skin.

The discretization used here places the outer boundary of the model about 90 m (at node location) from

the tested well, so that this boundary has negligible effect on transient head simulations within the time

frame of the slug tests and on the corresponding simulations. The imposed boundary conditions were no

flow for the outer and the bottom boundaries and constant head for the top boundary (unconfined

conditions). The initial head condition was assumed to be at steady-state prior to each slug test and a

dimensionless drawdown initial value of 1 was applied at the stress interval topmost cell to simulate the

slug test. Packers used to isolate the stress and the observation intervals were modeled as infinitely

impermeable (KpK,:|" l0'20 m/s).

To account for the influence of wellbore storage on slug test responses, wellbore storage effects were

simulated for each stress interval (inner boundary). This was accomplished by speciffing large values of

Kn and Ku lor the stress interval cells, a & value of I for the upper cell and a ,S" and a value of 0 for the

remaining cells. Large values of hydraulic conductivity were used to indicate an infinitely conducting

wellbore. The & value of I was used to indicate that the hydraulic stress, which is applied to the topmost

cell, would translate directly into the wellbore, whereas the ^1" value of 0 was used to represent the

relative incompressibility of water. For the observation intervals, no wellbore storage effects were

simulated because all observation intervals were straddled with packers (Novakowski, 1989).
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I.l.l.2 Inverted dataset

Eleven of the twelve vertical interference slug test datasets presented in Figure II.9 were inverted to

produce heterogeneous profile of K1,, K, and S" along the well (stress and observation intervals for each

test shown in Figure II.7b). Test tl2rl2 was not used in the inversion due to a strong evidence of the

presence of a hydraulic short-circuit acting for the entire duration of the test. This test was carried out in

the lower portion of the aquifer where clayey silt is mostly present. The cohesiveness of that sediment

might have prevented the collapse of the formation on this section of the direct-push well (Figure II.7a).

For each of the I I slug tests, both stress and observation responses were simultaneously inverted. To

account for the scale discrepancy between stress and observation responses, a weighted regression was

carried out. The scaling factors of the Levenberg-Marquardt algorithm associated with each stress and

observation responses were then adjusted according to the relative amplitude of the various responses

(Table II.2).

All original I sec-interval measurements were used for the inversion, except early measurements affected

by DSC (Table lI.2 and, Figure II.9). It should be noted that a DSC could not be modeled with the current

code, which explains why early data had to be removed. A total number of 23670 points were then

inverted.

1 .1 .1 .3  Resu l ts

Predicted drawdowns from the inversion are compared to observed values in Figure II.9 as well as final

Kn, Ku and ̂ 9" profile along the well in Figures II.lOa-c, respectively. The inverse model was run for the

first eleven slug tests listed in Table II.2 until the convergence criterion was met, which occurs when the

difference between predicted and observed normalized drawdowns is less than lxl0r. All test data were

included in the inversion simultaneously and started with uniform K1r, KulK1, and & fields (K7,:1x19-s

rn/s, KulKn:0.01 and S':l'10-s m-';. No constraint was imposed on the inversion, except the low-K skin

adjacent to stress intervals tI and t2 lhat was simulated as an isotropic layer with Knand,S" values lower

and higher than the values of the formation, respectively (K6' : K; : 1t 10-6 m/s and ̂ S"':1t 10-3 m't). For

instance, the clogging of the formation by sediment in place reduces the K of the formation, whereas the

non-compact nature of the skin allows the storage of more water under a unit change in hydraulic head.

Lower K value or higher ,S"' value of the skin did not significantly change the hydraulic responses. The

duration of the simulation was 4000 s to give enough time to reproduce all field tests. The inversion was
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done on a OSX (64-bit) operating system running on an Intel Quad Core i7 processor operating at 2.2

GHz with 8 GB of RAM. The total computational time for inverting the data was 201 min.

Mullilevel slug test (15 cm) ri Permeameter test (15 cm) lr2dinv (61 cm)
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To examine the quality of the numerical inversion, predicted and observed drawdowns are first compared

for the I I inverted tests in all stress and observation intervals (Figures II. I I a and II. I lb, respectively).

Examination of Figures ILlla and ILllb reveals that the data tends to closely fit the perfect fit l:l line

wi thas lope(z )  o f  0 .997 and0.969andaR2of  0 .998and0.971 fo ra l l s t ressandobserva t ion in te rva ls ,

respectively. As presented in Figures II. I I a and II. I lb, the inversion captures the general behavior of the

drawdown data and only a few tests present large scatter and bias (Figure II.9; Table II.3). For instance,

the slope m between observed and predicted drawdowns for individual tests are ranging from 0.954 to

1.072 (stress) and 0.370 to 1.238 (observation), whereas R2 values go from 0.998 to 1.000 (stress) and

0.741 to 0.999 (observation) (Table II.3). The fit for stress intervals is generally better than for

observation intervals because observation responses are more sensitive to well construction (Figure II.3c),

,S" (Figure II.2b) and K,lKp figure II.2c).

The validity of predicted Kn and Ku values was assessed by comparing Kp and K, profiles along the well

to available K7, values from multilevel slug tests and Ku measurements from permeameter tests (Figure

II.10a and II.4). The Kpprofile obtained from vertical interference slug tests follows the same general

trend as K7, values measured with multilevel slug tests. Values for zone number I and 13 to 16 should be

excluded for this comparison because they were not tested. K7, values from interference tests measured

over a screen length of 61 cm are shifted toward higher K7, values obtained with multilevel slug tests at l5

cm interval. This is in accordance with the principle of parallel flow, which implies that upscaled K,6

values are weighted toward the most permeable layers (Freeze and Cherry, 1979). Nevertheless, predicted

K7, values are still systematically slightly higher than multilevel slug test values. This bias is explained by

the fact that Kn values obtained with multilevel slug tests were estimated with the Bouwer and Rice

(1976) method assuming isotropic conditions. For instance, neglecting KJKn ratio generally results in K7,

underestimation that is proportional to the KulKnratio (Zlotnik,1994).

The predicted K, values by inversion presents also a profile similar to the measured K, values with

permeameter tests (Figure II.lOb and Table II.4). The predicted values tend toward smaller Ku values

obtained with permeameter tests, which follows the serial flow principle. In opposite to the parallel flow

principle, upscaled Ku values are weighted toward lower Ku values. Excluding zones 1, 2 and 14 to 16

that were not constrained vertically by interference tests, the only discrepancies with permeameter tests

are for zones 4 and 5. For these zones, predicted values are more than one order of magnitude lower than

laboratory measurements. Two hypotheses have been explored to explain those differences. First, the

widening of the hole during direct-push operations to install the well might have favored the creation of a
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skin around the screen. This might have occurred especially in the first meter of the saturated zone where

sediments from upper layers might have filled the void around the screen. In addition, the development

operations might have been not efficient for the first two meters due to the dewatering of the well caused

by pumping. However, all skin modeling attempts failed to improve the fit between predicted and

laboratory K, values for zones number 4 and 5. The only skin modeling that was efficient was for zones

number I to 3, where the presence of low-K skin was evident.

Table II.3 Validation statistics for observed and predicted drawdowns for each vertical interference slug test used in the
inversion. R2 and m stand for coeflicient ofdetermination and slope ofthe linear regression curve, respectively. The root-
mean-square error (RM^9) is presented in percentage of the maximum head recorded in the respective stress interval.

Stress Interval Observation Interval
Test

R2 m RMS (Vo) R2 tn RMS (%)

t l r l

t2r2

t313

t4r4

t5r5

t6r6

t7r7

t8r8

t919

t l0 r l0

t l  1 r l  I

t l2 r l2

0.999

0.998

l.000

L000

1.000

1.000

1.000

1.000

0.999

L000

1.000

0.954

t.072

1.005

0.972

0.961

1.006

0.984

L008

1.045

1.032

1.034

l .58

1.77

0.39

0.52

0.69

0.53

0.47

0.20

0.70

0.46

0.62

0.949

0.773

0.741

0.994

0.999

0.995

0.999

0.986

0.993

0.974

0.999

0.961

0.697

0.370

1.009

1.052

1.238

0.814

1.129

0 .819

0.845

0.994

0.036

0.047

0.044

0.056

0.072

0.032

0.053

0.065

0.120

0.200

0.077

All Tests 0.998 1.002 0.88 0.986 0.981 0.082

The other explanation is from the experimental procedure related to permeameter tests in the laboratory,

especially those related to samples collection and manipulation. The major challenge with permeameter
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tests on minimally disturbed samples (or non-recompacted samples) is to collect cores that do not contain

any voids or preferential flow paths. The two most important factors that control the quality of core

recovery are sediment cohesiveness and grain size. Generally, loose sediments with large grain size, such

as coarse sand and gravel, are not favorable to the collection ofgood cores. Specifically for this study, the

quality of recovery for the core collected between elevations ll4 to l16 m was very poor. It is expected

that a coarse sand layer ofabout 30 cm at elevation 115 m affected the quality ofthe core. This sand

layer, which is indicated by high K7, values in Figure II.l0, was only partially recovered and left a hole in

the core. Many permeameter tests on subsamples of this core were thus rejected because Ku values were

much higher than Kn values estimated with multilevel slug tests on the same intervals. Despite K, values

for other subsamples that were not rejected for this core because they appeared to be valid, we may

suspect by association that K, values between elevations I 14 to I 16 m are overestimated.

For the S" profile, there are no independent measurements to compare with. The modeled profile however

shows a general decrease with depth (Figure II.lOc and Table II.4). This can be related to an increase of

the overburden load with depth, which reduces the elastic property of sediments and thus their specific

storage capacity.

Finally, examination of Figure II. 12 reveals that the dimensionless variances in the estimates of K1 are

consistently lower than those for KrlKl and S", indicating that there is greater confidence in the estimates

of Kn relative to the estimates of the other two hydraulic properties. The dimensionless variances

represent the uncertainties relative to the estimated parameter values. Dimensionless variances are scaled

by the parameter estimates themselves and thus are not influenced by the differing magnitudes of the

estimates (Bohling and Butler, 2001). All variance profiles show similar general trend with important

variance increase in the uppermost and lowest zones, where no interference tests were done. Excluding

the shallowest and deepest zones (zone number I and, 14 to 16), the average of the logarithm of the

dimensionless variance for Kn is -1.10, whereas it is 0.09 and0.62 for KJKn and S", respectively.

Moreover, KrlKn and ,S" variances have similar magnitude, but the S" variance profile presents some

zones (4 and 8) with values that depart from the main trend. Those zones correspond to the same zones

depicted in Figure II.lOc, where S" values are much higher than the average value. As a result, there is

thus less confidence in estimated S" values for those zones. The similarity in KulK1, and ,S" variance

profiles is related to the fact lhat KulKp and & have similar effects on observation responses in vertical

interference slug tests (Figures II.2b and II.2c). Moreover, KulK1, and S" variances are higher for the few
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last interference tests (zones I I to l3), which also correspond to the tests with the poorest match between

predicted and observed drawdowns (Figure IL9).

Table II.4 Summary of hydraulic tests used to estimate vertical hydraulic conductivity (K"). Interval length for vertical
interference slug test is 61 cm. Permeameter and multilevel slug tests hydraulic conductivity is upscaled to 61 cm.

Test

Labr Multilevel Slug Test Vertical Interference Slug Test

K, (m/s) Kr, (m/s) K, (m/s) K1(m/s) K, (m/s) S" (m-t)

t l r l  9.4"10-7 1.8'10-6 1.7x10-6 5.7"10-6

t2r2 1.1"10-6 7.4x10-6 2.6"10'6 3.0x10-5

t3r3 7.5x10-7 3.2x10'6 2.8x10-6 7. lx10-6

t4r4  9 . l x l0 -?  8 .9x10-6  8 .4x10-6  2 .1 '10-s

t5r5 2.9x10-7 6.2x10'6 2.7x10-6 l.6x l0-5

t6r6 8.3 x 10-8 2.lx 10'6 l .5 x 10-6 l .3 x l 0-6

t7r7 6. I x I 0-7 3.6 x I 0-6 2.4" 10-6 9.9 x 10-6

t8r8 5.1 x 10-8 l . l  x 10-5 l . l  x l0-5 2.I  x l0-5

t9r9 l .4xl0-7 l .4xl0-5 l .3xl0-5 2.8x10-5

t l0r10 5.0x10-7 1.4x10-5 1.3x10-5 2.7x10-s

t l  l r l  I  4.6x l0-8 5.5x 10-6 3.7x 10-6 9.5x 10-6

t l2r l2 8.1x10-8 3.8x10-6 3.7'10-6 1.9x10-6

4.5" l0-E

4.0x l0-7

3.6x 10-8

1.3  x  l0 -8

3.0' ,10-7

l . l  x  l0 -7

l.Ox l0-7

8.5 x 10-8

6.6x l0-E

9.4x10-7

l . l  x  10-8

9.3x l0-E

2.2x10's

3.9x 10-5

l .0x l0-7

1 . I  x  l0 -5

7.0x 10-6

8.5x l0-6

1.0x l0-?

3.6x l0-6

I .8 x l0-6

1 .8x  l0 -6

l .0x 10-7

l .0x l0-7

l: Laboratory data from permeameter measurements on soil samples.
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Figure II.12 Vertical profiles of dimensionless variance along the well for hydraulic parameters predicted by the
inversion: (a) horizontal hydraulic conductivity (fi); (b) hydraulic conductivify anisotropy (KJK1); and (c) specilic
storage (^S").

4.4.2 Analysis by type-curve matching for homogeneous cases

For homogeneous and anisotropic aquifers, a type-curve matching procedure with the KGS model can be

used to interpret vertical slug test data. The test analysis procedure involves the simultaneous match of

both stress and observation interval responses to resolve Ku/Kn, & and K7,. Aquifer parameters for the

entire test assembly length (from the top of the stress interval to the bottom of the observation interval)

must be reasonably assumed homogeneous, else both stress and observation responses could not be

matched together. Such analysis is thus restricted to homogeneous and anisotropic cases.

This procedure was applied to the interpretation of data from test t8r8, which is a relatively homogeneous

but anisotropic interval along the well (Figures II.7 and ILIO). The match between observed head

responses and the KGS model is depicted in Figure II.l3. It is important to note that skin hydraulic

properties are not modeled in this analysis and that the material around the screen is considered
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undisturbed. For this test, the early-test times dimensionless head data in the observation interval suggest

the influence of a high-K skin or a DSC. As the dynamic short-circuit speeds up mainly early-test times,

the data match was done for late-test times data measured from and beyond the peak amplitude of

dimensionless head in the observation interval. The value of KJKn obtained for interval t8r8 was 0.0061

for an estimated Ku value of 1.2x10-7 m/s. In comparison, the K, value obtained by inversion for this

interval (zone number 9) was 8.5x l0-8 m/s.

Type-curves for KulKn values one order of magnitude above and below the best match are also shown on

Figure II.l3 to indicate the sensitivity of hydraulic responses to KrlK1,. As discussed in the sensitivity

analysis, we observe that KlKn mainly influences late-test times in the stress interval and modiff the

slope of the curve without changing the response at early-test times. A small modification of this slope

results in a large change in the amplitude and arrival time of the dimensionless head in the observation

interval. These observations combined with a complete and an accurate measurement of hydraulic

responses in both the stress and the observation intervals as well as the careful design of a small aspect

ratio for the stress interval allow the resolution of distinct effects and values for KulKn, ̂ S" and Ka.

Time (sec)

Figure II.l3 Observed vertical interference slug test response in the stress (r8) and observation (r8) intervels compared to
the data match (solid lines) obtained with the KGS model for test !8rd assuming homogeneous aquifer conditions. Dashed
lines are KGS model responses obtained using IÇI(1 values that are l0 times lower and higher than the best match value
(0.0061).
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4.4.3 Equivalent vertical hydraulic conductivity from multilevel slug tests

A simple procedure to estimate K, from field measurements is by invoking the serial flow principle on Kl

values obtained from high-resolution multilevel hydraulic tests carried out along a single well (Freeze and

Cherry, 1979). As an example, we calculated an equivalent Ku for the multilevel slug tests carried out at

15 cm interval (Table U.4). It is assumed that 15 cm interval from multilevel slug tests are isotropic and

homogeneous at this scale. We thus applied a harmonic mean on the four (when available) 15 cm

intervals comprised within each 61 cm interval of the vertical interference slug tests. The comparison in

Table II.4 of rescaled multilevel slug tests with K" values with permeameter and vertical interference tests

shows a discrepancy of up to two orders of magnitude in K, estimates. This is in agreement with the

depositional environment of the study area, where fine centimeter-scale transitions in grain-size were

often observed in sediment samples. For instance, as multilevel slug tests induce predominantly

horizontal flow patterns, the presence of thin horizontal low hydraulic conductivity layers does not

significantly reduce K7, (parallel flow), whereas these layers essentially control the flow in the vertical

direction (serial flow) and then lead to low Ku values for permeameter and vertical interference slug tests.

To be useful for K, estimation, the vertical resolution of the multilevel slug tests should have been as

small as the heterogeneity of the sediments (approximately l-10 cm). For the study site, this situation

would not have been practical with multilevel slug tests. The HRK tool proposed by Liu et al. (2009)

could be however an interesting alternative. This tool, which is the coupling of a direct-push permeameter

(Butler et a1.,2007; Lowry et al.,1999) with a direct-push injection logger (Dietrich et a1.,2008), has the

potential to measure K1,aIa vertical resolution of approximately 1.5 cm.

5 Summary and conclusions

This paper explored the use of vertical interference slug tests for the efficient measurement of Ku at the

field scale. The test is carried out in a single well between a stress and an observation interval that are

isolated vertically with a three-packer assembly. Similar to inter-well interference slug tests, an

instantaneous pressure pulse is induced in the stress interval and resulting drawdowns are recorded in

both the stress and the observation intervals. In a field proof-of-concept study, twelve vertical

interference tests were carried out sequentially along a fully-screened direct-push well in a moderately

heterogeneous and highly anisotropic silts and sands littoral aquifer. The direct-push well was completed

without sand-pack by the natural collapse of sediment around the screen in order to minimize well
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construction interferences with the tests. The simultaneous numerical inversion of multiple tests was done

to reconstruct heterogeneous profiles of K1,, KulKn and &. For a homogeneous section of the aquifer a

semi-analytical model was also applied. Results of the numerical inversion and the semi-analytical model

were compared with permeameter tests carried out in the laboratory to measure Ku on sediment samples

and with high-resolution multilevel slug tests to measure K1,at a fine scale. The key findings of this study

are summarized below:

Vertical interference slug test responses measured in both a stress and an observation interval contain all

the information needed to resolve the values of Kn, KJK; and S". The design of a stress interval with a

small aspect ratio is however essential as well as the acquisition of high-quality drawdown data.

Vertical interference slug test responses measured between isolated intervals along the same well may be

affected by well construction. Well construction effects, such as hydraulic short-circuits, can however be

detected and taken into account during the analysis. Direct-push wells, such as the one used in this study,

seem suitable to carry out vertical interference slug tests in comparison to less well-adapted sand-packed

wells.

In a moderately heterogeneous and highly anisotropic aquifer, it is possible to analyze vertical

interference slug tests using inverse modeling that accounts for wellbore storage effects. [n such an

environment, however, a sequential field-testing scheme should be followed where stress and observation

intervals overlap. The simultaneous inversion of multiple tests yields Kn, KJKn and ̂ S" values at discrete

intervals along the well, as well as their uncertainties.

For cases for which the aquifer can be considered homogeneous at the scale of the vertical interference

test assembly, a type-curve matching procedure with a semi-analytical model can also be used to resolve

Kt, KJKn and S" values.

Vertical interference slug tests hold the potential for K" measurement under really challenging field

conditions. Results of this study indicate that K values obtained with vertical interference slug tests are in

agreement with permeameter tests conducted for the same tested intervals. Such a direct measurement is

far more interesting than the calculation of an equivalent K" from high-resolution multilevel slug tests

assuming isotropic conditions at vertical resolution as low as 15 cm. Such a calculation for the tested well

did not show a good correlation with both vertical interference slug tests and permeameter data,

suggesting lù:rat KJKn in the study aquifer can be quite high, even over a relatively small vertical scale.
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In a practical sense, the vertical interference slug test is an extension of the single well multilevel slug

test. It requires only the addition of an observation interval at the bottom of a multilevel slug test

assembly. Vertical interference slug tests are however an improvement over conventional multilevel slug

tests because they can provide not only Knbut also KrlK1, and S" from a single test, and thus contribute to

provide the data required for meaningful understanding of flow and transport in aquifers.
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Résumé
Il a été démontré que la propagation des charges hydrauliques en réponse à un essai de perméabilité à
choc hydraulique est sensible aux variations de propriétés hydrauliques (Kà, KJK1, et S") des matériaux à
travers lesquels cette perturbation hydraulique se propage. La tomographie par choc hydraulique
comprend la réalisation d'une série d'essais de perméabilité à choc hydraulique dans des intervalles
isolés d'un puits avec l'enregistrement simultané des charges hydrauliques dans I'intervalle émetteur et
dans des intervalles d'observation isolés entre obturateurs dans un puits adjacent. Cette étude a pour but
d'évaluer quantitativement le contenu en information d'une analyse transitoire de tomographie par choc
hydraulique par rapport aux propriétés hydrauliques, et donc d'estimer sa capacité à résoudre
l'hétérogénéité des propriétés hydrauliques dans un plan vertical entre deux puits. Une analyse de
sensibilité et de résolution de premier ordre a donc été réalisée en utilisant des données synthétiques
reflétant les conditions d'un aquifère littoral avec une importante anisotropie de K. Les résultats
indiquent que la perturbation hydraulique induite par un choc hydraulique produit des patrons transitoires
de sensibilité distincts pour les intervalles émetteur et d'observation. Ceci permet la résolution
indépendante de K1,, KJK; et ^S" à I'intérieur du plan d'investigation, avec une faible interférence des
paramètres situés à I'extérieur de ce plan. La résolution spatiale effective des paramètres hydrauliques
peut aussi être considérablement améliorée en utilisant à la fois les réponses des intervalles émetteurs et
d'observations dans I'analyse. L'utilisant de la réponse des émetteurs réduit la corrélation entre les
paramètres, ce qui serait difficile d'obtenir autrement, même en utilisant un réseau dense d'intervalles
émetteurs et d'observation. Une analyse transitoire de tomographie par choc hydraulique permet donc
d'imager l'hétérogénéité des propriétés hydrauliques à une bonne résolution en plus de considérer
I'anisotropie de K, pour ainsi permettre de caractériser efficacement les propriétés hydrauliques
contrôlant l'écoulement et le transport de masse dans les aquifères.
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Abstract
Hydraulic head propagation in response to a slug test has been shown to be sensitive to variations in
hydraulic properties (Kn, KJK; and ,S") of the material through which the head perturbation propagates.
Tomographic slug tests involve a series of packer slug tests carried out in stressed intervals of a borehole
and the simultaneous recording of heads in the stressed interval and in observation intervals between
packers in an adjacent borehole. This study aims to quantitatively assess the information content about
hydraulic properties associated with the transient analysis of tomographic slug tests, and thus their
capability to resolve heterogeneous hydraulic properties in a vertical plane between two boreholes. A
first-order sensitivity and resolution analysis is thus carried out using synthetic data reflecting a known
littoral aquifer with strong K anisotropy. Results indicate that the head perturbation induced by a slug test
produces distinct transient sensitivity patterns in stressed and observation intervals, thus allowing the
independent resolution of Kn, KJK; and .S, within the plane of investigation, with a weak interference
from parameters radially outward from the observation well. Effective spatial resolution can be improved
using both stressed and observation interval responses in the analysis. Stressed interval responses reduce
the correlation between parameters, which would be difficult to achieve otherwise, even with a dense
network of stressed and observation intervals. Based on a homogeneous parameter distribution, the
estimated sensitivity matrix indicates that the inversion of tomographic slug tests shows a high potential
to resolve heterogeneous fields of K1,, K,lKl and ̂ S".

Keywords: Hydraulic tomography, Slug tests, Aquifer characterization, Heterogeneity, Anisotropy,
Jacobian matrix
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1 Introduction

It is widely recognized that knowledge of the spatial distribution of aquifer and aquitard hydraulic

properties within an aquifer system is essential to the understanding of its dynamics, which can provide

the basis for sound groundwater management. Indeed, comprehensive aquifer characterization should

ideally provide a three-dimensional model of the architecture of the aquifer system units and their

respective hydraulic properties, including hydraulic conductivity (19, K anisotropy (ratio of vertical and

horizontal K, KJK) and specific storage (5,) fAnderson, 79891. Hydraulic tomography, which is

essentially the simultaneous analysis of inter-well hydraulic responses, measured at discrete and isolated

intervals, to multiple hydraulic tests (pumping or slug tests), is increasingly recognized as a mean of

imaging heterogeneity in hydraulic properties, such as preferential flow paths or impermeable barriers

that control flow and transport in aquifers. A comprehensive summary of previously published studies

dedicated to hydraulic tomography was recently made by Cardiff and Barrash, [2011].

Pumping tests are the most commonly used approach for test initiation of hydraulic tomography

experiments.. Tomographic pumping tests drawdown data are either analyzed under steady state or

transient flow conditions. For tomographic experiments using traditional constant-rate pumping tests,

drawdown sensitivities to K and S" in different regions of an aquifer have been shown to be fairly

correlated, which may lead to difficulties in identifying hydraulic properties independently and in

spatially resolving those properties lBohling, 20091.It is the sensitivity to a given hydraulic property at a

given time and location, defined as the ratio of the change in drawdown to a change in its property value,

and its magnitude along with its correlation with sensitivity to properties at surrounding locations that

indicates the ability of a pumping test to estimate a property value from drawdown data fVasco et al.,

19971. Meanwhile, it has been recognized that varying the pumping rate scheme (magnitude and

frequency) of a pumping test can increase parameter resolutions by increasing sensitivity magnitudes

while simultaneously constraining sensitivity correlations lButler and McElwee, 19901. Such variable

pumping rate approach takes advantage of the transient behavior of sensitivities that are generated, which

allows hydraulic properties in a given region of an aquifer to be better distinguished from properties in

other regions. It should be noted that the oscillatory pumping approach recently proposed by Cardiff et

al.l20l3l might also fulfill a similar function.
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A slug test involves a sudden change in the volume of water (or hydraulic head) in a well, by adding or

removing water through a stressed interval, which causes a distance and time decaying hydraulic head

perturbation into an aquifer lCheng et a1.,2009f. The sensitivity behavior related to a slug test could thus

also be potentially exploited to increase parameters resolution. Indeed, slug tests exhibit transient

sensitivity behaviors to hydraulic properties in any regions ofan aquifer interrogated by the test because

of the time decaying head perturbation lMcÛlwee et al., 1995a; 1995b1. rWhile hydraulic tomography

based on slug tests have been extensively studied using the concept of hydraulic travel time fBrauchler et

at.,2007;2010 and 2071; Hu et al.,207ll to estimates heterogeneity in hydraulic diffusivity (the ratio

K/S"), tomographic slug tests data have never been studied through a sensitivity analysis to assess their

resolution potential for defining heterogeneity in hydraulic properties. Moreover, previous studies on

hydraulic tomography have essentially focused on identification of heterogeneity in Ky, and' to a lesser

extend in S". While aquifers could exhibit hydraulic conductivity anisotropy at various scales, and may

influence Kn and S, estimations if not taken into account le.g., Hyder et al., 7994; Zlotnik, 1994; Butler,

1995; Spane, 1996; Belitz and Dripps, 1999; Butler and Zhan,20O4; Paradis and Lefebvre,20l3f, its

explicit characterization using hydraulic tomography has never been the object of an analysis.

The main objective of this study is thus to assess the information content associated with a transient

analysis of tomographic slug tests data to estimate heterogeneity in Kn, KJK; and ̂ S,. As widely used to

assess geophysical inversion results le.g., Menke,2012; Aster,2005), this study uses the sensitivity and

resolution matrices to quantiff the potential for tomographic slug tests data to resolve heterogeneity in

Kn, KJKnand & between wells. While sensitivity analysis is used to understand the fundamental physics

underlying a particular hydraulic experiment, resolution analysis can be used to describe how well the

model can be reproduced when solving the inverse problem of that particular experiment lVasco et al',

1gg7l. Resolution analysis is an extension of the sensitivity analysis and combines sensitivities from a

number of head measurements and for a number of properties into a single measure related to each

hydraulic property. The resolution matrix describes the degree of averaging contained in the estimate of a

parameter at a particular location and it indicates whether a given parameter can be resolved or not for

this particular experiment. In well hydraulic studies, the sensitivity and resolution matrices have been

used by Vasco et al. ll997l and Clemo et al. t20031 to examine the ability of single or multiple fully

penetrating pumping tests with multiple observation wells to resolve two-dimensional areal variations in

transmissivity, and by Bohting t2009] to compare the sensitivity and resolution associated with transient

and steady-shape approaches to the analysis of a set of tomographic pumping tests. Although the purpose

of this study is not to compare the various approaches used to carry out hydraulic tomography, a similar
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analysis of the information content as the one used by Bohling [2009] is adopted here to provide a

common basis of comparison with previous studies. We note also that our resolution analysis does not

consider any form of regularization, as the purpose of this study is to illustrate the information contained

in head data alone, without the information that could be provided by other measurements.

The sensitivity and resolution analysis presented in this study are characteristic of the experimental

configuration and general aquifer characteristics presented in a field implementation of tomographic slug

tests in a littoral aquifer that shows evidence of strong K anisotropy at small-scale lParadis et a1.,20141,

which are described in Section 2.1. Then in Section 2.2, we present the radial flow model used to

simulate various synthetic experiments and to derive a coffesponding sensitivity matrix using small

perturbations of a homogeneous and anisotropic model. This model allows the simulation of wellbore

storage effects and placement of packers in the stressed well. Also, the approach used for resolution

analysis, through singular value decomposition (SVD) of sensitivity matrix, is detailed in Section 2.3. In

Section 3.1, we veriff that the head perturbation induced by a slug test produces distinct transient

sensitivity patterns in stressed and observation intervals that would allow the independent identification

of K1,, KJKI and, S' within the region of investigation (ROI) encompassed by a stressed well and an

observation well, and whether the influence of hydraulic properties beyond the observation well can be

isolated. We then illustrate in Section 3.2 through a spatial mapping of temporal sensitivities for a single

slug test that parameter correlations may influence the resolution potential, while in Section 3.3 we

demonstrate using a resolution analysis how tomographic slug tests can reduce parameter correlations

with the ROI. Then, in Section 3.4, we investigate the influence of various factors that might be

controlled to increase the resolution potential of tomographic slug tests. Moreover, in complement to

previous analysis, Section 3.5 demonstrates for simple heterogeneous and anisotropic models that the

non-applicability of the principle of reciprocity for slug tests is an intrinsic consequence of the pulsed

mode of test initiation. Finally, we conclude and summarize our results in Section 4.
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2 Methodology

2.L Experimental configuration and general aquifer characteristics

The sensitivity and resolution analysis presented in this paper reflects the experimental configuration and

general aquifer characteristics of a field implementation of tomographic slug tests reportedby Paradis et

at. [2014]. The present paper does not aim to exactly reproduce the test configuration or the hydraulic

property frelds themselves, but instead use similar test design and mean physical property values as the

basis for various synthetic experiments to assess the information content of a transient analysis of

tomographic slug tests.

The first step of the methodology consists in building synthetic models that are similar to the case study

reported by Paradis et al. l20l4l. That study involved a set of tomographic slug tests performed in a

moderately permeable and anisotropic littoral aquifer lParadis et a1.,2077; Paradis and Lefebvre,2013;

Paradis et o1.,2074]. The tomography field experiment involved 12 slug tests performed within 0.61 m

long stressed intervals straddled by packers along two fully screened direct-push wells separated by a

distance of 7.98 m. During the slug tests, head responses were recorded using a network of observation

pressure transducers also located within 0.30 m long intervals straddled by packers. Other measurements

were also made at that site, notably multilevel slug tests and lab permeameter tests on vertical sediment

samples lParadis and Lefebvre, 2013 Paradis et al., 20141. Values of Kr, based on multilevel slug tests

done at 15 cm intervals ranged from 7xl0-7 to 2x10-sm/s using the Bouwer and Rice 11976] method,

whereas K" estimates from permeameter tests at the same scale ranged from 2.7" 10-t to l.0t lO-t m/s. The

comparison of Kn and K" values for the same intervals provides estimates of KulKn between 0.0025 and

0.83. The bulk average Kn and KJK;are about l"l0-s m/s and 0.1, respectively. Moreover, considering

the results of the inversion of the field data, a bulk average S" of lx10-a m'l will be used in the synthetic

experiments. On that basis, Table III. I summarizes the parameters used for the aquifer model as well as

test characteristics used for numerical experiments. The upper part of the aquifer consists of fine

sediments that have been shown to act as a leaky confining layer during pumping tests lParadis et al.,

2}l1l. While in the field implementation the aquifer was modeled as an unconfined aquifer, for the sake

of the synthetic experiments confined conditions will be assumed to get symmetric lower and upper

boundary conditions (Figure III.la) and then avoid confusion in the interpretation of the synthetic results.
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Table III.I Parameters used for the aquifer model and test characteristics used for numerical experiments.

Aquifer Parameters

Horizontal hydraulic conductivity (K7,)

Specific storage (S")

Hydraulic conductivity anisotropy (KJ Kn)

Aquifer thickness

lx10-5 m/s

1x l0-a m-r

0 .1

8m

General Test and Well Parameters

Initial head displacement (É16)

Stress interval lensth

Inside radius ofstress interval casins

Inside radius ofstress screen

Observation interval lensth

Inside radius of observation screen

Inter-well distance

4.5 m

0.61 m

0.0254m

0.0254m

0.305 m

0.0254m

7.98 m

2.2 Radial flow model

The computer program lr2dinv was used for the numerical simulations needed to carry out this study.

The lr2dinv numerical simulator is a two-dimensional radial-vertical finite difference flow model

developed by Bohling and Butler t2001]. Under conditions of radial symmetry, meaning the absence of

angular variations in both hydraulic properties and boundary conditions, the flow to a partially

penetrating well (stressed interval) in response to an instantaneous change in water level in a confined

aquifer of infinite areal extent is described by:

:*(,.,#). *(.,*)=',*
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where ft is the head [L], ^S" is the specific storage lllL], K, and K" are respectively the hydraulic

conductivity in the radial (or horizontal- Ka) and vertical directions, / is time[T], r is the radial coordinate

[L], and z is the vertical coordinate (positive upward from a zero reference at the base of the aquifer) [L].

The inner boundary of the model is at the stressed well radius r. [L] and the initial conditions are given

by

h ( r , z ,O ) -O  r .  1 r  1 r ^  O<z<b

H(0)= go

where r, is the outer boundary of the model located far away from the stressed well in order not to

interfere with it, à p] is aquifer thickness,,É1is level of water in the well [L], andf/o is the static water

column height in the well where the stressed interval is located, which is equal to the initial level of water

in the well at F0, [L].

The outer boundary conditions are the following:

h( r= r^ ,Z , t )=0  r>0  0<z3b

(2)

(3)

àh(r ,0 ,t) _ àh(r ,b ,t) _ O
àz àz

t > 0  r , 1 r 1 Y *

(4)

(5)

and the inner boundary conditions at the stressed interval is given by
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l ' I)r{,.,,rP2= H(t) t >O

2,tr,K,ryP=
0  z<d , z>d -L  t>O

nr 'dH( t )

; ;  
d>z<d -L  r>0

(6)

(7)

wherc d is the distance from the top of the aquifer to the bottom of the stressed interval [L], Z is the

stressed screen length [L], and r. is the radius of well casing [L].

The program lr2dinv also allows the representation of the wellbore into the model domain, enabling the

simulation of wellbore storage effects and placement of packer intervals in the well. Wellbore storage is

defined as the relative volume change LV per unit head change Alz in the wellbore (ry: LVlV.Lh).

Wellbore processes are approximated using Darcy's Law, with open sections of the wellbore represented

as high-K regions and packers as low-K regions. To simulate wellbore effects, one column of cells is

used to represent the region inside the wellbore, from the wellbore radius, r*, to the inner radius of the

model grid, r-i,:r.'exp(Âr'), where Âr' is the constant spacing in the transformed radial direction. Most

cells in the wellbore should be assigned a value of S" equal to 0, representing the fact that water is

essentially incompressible. However, the top cell in the wellbore (or the top in any screened interval)

should have a value of S" equal to 1, which the program will convert to the value

Azl l -exp(-zÂr ' )

to account for the vertical thickness of the cell and compensate for the exclusion of the inner portion of

the wellbore (between r-0 and t:r.i,) from the model domain. For slug tests, the initial head in the top

cell should be set to the initial displacement for the test, H6, with all other initial heads in the model set to

zero. The storage properties of the wellbore are set to represent wellbore storage effects, which is a key

factor needed to be considered for a meaningful interpretation of inversion results with tomographic slug

tests. Wellbore storage affects the hydraulic response in an observation interval in two ways. First, for a

,"=tf,o'-l=
Az \ r',' - rÂi" )

1

(8)
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given distance between the stressed and observation intervals, wellbore storage causes a delay in the time

at which the pressure change is observed. Second, the response amplitude grows with the wellbore

storage if the head change remains the same lPrats and Scotl,1975; Spane,19961' Brauchler et a1.,2007;

Paradis and Lefebvre, 20131. Wellbore storage effects (time delay and amplitude change) are also a

function of S,, and for an aquifer within which ,S" is expected to vary, simulation of wellbore storage as

allowed by lr2dinv greatly improves the accuracy of the inverted tomograms. Note that the lr2dinv

assumes that wellbore storage effects can be neglected in the observation interval. To obtain test data

with minimal wellbore storage effects, the observation interval should be straddled with packers lSageev,

le86 l .

The model uses a logarithmic transform of the radial coordinate, r'=ln(rlr*), to transform the radial flow

problem into an equivalent Cartesian problem in (r', z) space lButler and McElwee, 19951' Bohling and

Butler, 20011. This study used a simulation grid with 43 cells of dimension Ar':0.19492 along the

transformed radial axis and 26 cells of dimension Az:0.3048 m (l foot) along the vertical axis (Figure

IILIa). In the physical space, the radial location of the grid node with radial index i is r,'exp((i-O.5).^/)

and the location of the outer face of the corresponding cell is r,.exp(i'Ar'). The scale of the logarithmic

transform was adjusted to fit the radial location of grid nodes to the location of the wells with a well

spacing identical to the field implementation fParadis et a1.,20141. The exponentially increasing grid

size in the radial direction improves the detailed description near the stressed well and provides a coarser

representation with increasing distance from the stressed well, representing the fundamental sensitivity

behavior of radial flow fButler, 19901. This type of grid also provides an efficient means to place the

outer boundary far from the stressed well. The discretization used places the zero-head outer boundary of

the model about I I I m from the stressed well, so that this boundary has negligible effects on simulated

slus test heads at the stressed and observation wells.

For the sensitivity and resolution analysis presented in this paper, the simulation grid was divided into

143 parameter cells of 0.61 m in height that corresponds to the length of the stressed interval, as shown

in Figure III.lb. Given the logarithmic change in cell dimensions in the radial direction, the cells of the

simulation grid were merged to obtain inversion cells width of approximately equal size within the

region encompassing the stressed and observation wells, referred to as the region of investigation (ROI)

(region 1 in Figure III.lb). The average width of the cells within the ROI is 1.46 m, which means that 6
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columns of cells separate the stressed and observation wells. Hereafter the term "parameter grid" is used

to refer to this zonation of the simulation srid.
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(black dotted line). Figure III.2 shows the normalized head sensitivities to hydraulic properties for the tx7 stressed
interval and observation intervals at different angles relative to rx7 (rx7, rx5 and rx3).

2.3 Sensitivity matrix

In this paper, the sensitivity analysis of the transient analysis of tomographic slug tests is based on the

Jacobian (sensitivity) matrix. The sensitivity matrix relates a change in a parameter to a corresponding

change in the heads and each .,I;; element in the sensitivity matrix represents the sensitivity of the head at a

given time and location, h;, to one of the hydraulic properties, p;:

(e)

The head index i runs over all observation times and locations for all tests, and p; represents either the

ln(K),ln(KJKn) or ln(S") values associated with each of the cells in the grid. Thus, the sensitivity matrix

represents a linear approximation of the behavior of the flow model nearby the parameters used in the

simulations lVasco et al., 1997f and serves as an approximation in the solution steps of most nonlinear

groundwater gradient inverse algorithms lAster et a1.,20051.

In this work, the sensitivity matrix is estimated using a numerical derivative technique, i.e. it is computed

from the simulation of heads for various test configurations using average uniform values for Kn, KJKn

and ,S" as the base hydraulic property values. The sensitivity matrix elements are constructed by a

sequence of groundwater flow simulations using lr2dinv, one simulation per grid cell, in which each

hydraulic property in a single cell is slightly perturbed from the base hydraulic property values and the

differences in heads are noted.

The sensitivity used in this study is built from the normalized sensitivities, or sensitivities to logarithmic

hydraulic property values, defined as follows:
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dhdh

dhdh

dhdh

dKh I Kh d(lnKo)
(10a)

d(K, l  K)  l (K, l  Kh) d(tn(K"t K))
( l0b)

dS, /S, d(lnS,)
( l0c )

This normalization brings the sensitivities of the different parameters to an equal level for a change of

head in response to a unit relative change in the parameter value or unit change in the natural log of the

parameter value lBohling and Butler,200ll.

2.4 Singular yalue decomposition (SVD)

The problem being ill-posed, the tomographic slug test inversion is regularized using a singular value

decomposition (SVD) of the sensitivity matrix lLAster et al. [20051; Bohling,2009; Jimenéz et a1.,2013].

The problem considers lz observed data and n model parameters. The singular value decomposition of

the mxn sensitivity matrix, J, yields

J = USVÎ ( l  l )

where U is a mxm orlhogonal matrix with columns that are unit basis vectors spanning the data space,

R'. V is a nxn orthogonal matrix with columns that are unit basis vectors spanning the model space, Rn.

S is a mxn diagonal matrix with nonnegative diagonal singular values of J on the diagonal.

The singular values along the diagonal of S are arranged in order of decreasing magnitude, and the

columns of U and V are arranged in the corresponding order. The columns of V represent linear

(K" t Ko) d(#t K)=
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combinations of the model parameters, and the leading columns, corresponding with the largest singular

values, represent the linear combinations that are most strongly resolved by the data.

The SVD can also be used to compute an inverse of J, called the Moore-Penrose pseudoinverse, which is

given by:

Ji = vps;tul (r2)

and where only the p largest singular values and vectors, that correspond to the most strongly resolved

parameters, have been retained. This pseudoinverse can be used in computing an nxl vector of estimated

parameters, mf 
, from an mxl vector of observed data, d, as

m1 :  JÏd (13 )

To characterize the conditioning of an inverse problem it is useful to analyze the singular value spectrum,

which is the range of singular values. A least-squares problem is said to be rank-deficient if there is a

clear distinction between the nonzero and zero singular values and the rank of J, which is the number of

nonzero singular values, is less than the number of unknown parameters n. Rank-deficient problems have

non-unique solutions, i.e. there is an infinite number of acceptable parameter vectors that will fulfill the

inversion criteria. A number of unknown parameters n larger than the number of independent data m is

characteristic of rank-deficient problems. Rank-deficient problems using SVD can be solved after

truncating @<n) the zero singular values, but a model of limited resolution will be produced. Even for

noise-free data, it will not be possible to recover the true model m in a rank-deficient problem.

In the case of a sensitivity matrix with the number of independent data ln exceeding the number of

unknown parameters n, the rank of J will be limited by the number of parameters and there will be at

most n nonzero singular values. Using p:n in the computation of the generalized inverse will yield an

estimated parameter vector m, that is close to the exact solution for this problem. Retaining a large

number of singular values and vectors in the generalized inverse will allow a better fit to the observed
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data and a better apparent resolution of the detail in the estimated parameters. In many inverse problems,

however, singular values decay gradually toward zero and do not show an obvious jump between

nonzero and zero singular values. The ratio of the largest to the smallest singular value, referred as the

condition number, indicates the degree of ill-conditioning. With ill-conditioned problems the terms

associated with smaller singular values will tend to ampliff the noise in the data, increasing the variance

in the parameter estimates. Regularization involving the truncation (p<n) of the smaller singular values

may thus be necessary to produce a model with a lower variance, but this leads to a loss of resolution and

introduces bias in the estimated parameters (variance-resolution tradeoff). Note that the problems related

to ill-conditioning and bias-variance tradeoff are inherent to inverse problems and the SVD analysis

allows to elucidate these problems.

2.5 Model resolution matrix

The generalized inverse always gives a solution, m1, but it is essential to investigate how faithful this

representation of the model representing the spatial distribution of parameter values is likely to be of the

"true" model lVasco et al., 19971. The concept of model resolution is an important way to characterize

the bias of the generalized inverse solution. If the true model is represented by m and the corresponding

true data vector is represented by d=Jm, then the parameter vector estimated from application of the

pseudoinverse (13) is:

m+ = JTJm (14)

The matrix multiplying the true model is the model resolution matrix:

R, = JIJ =YrYT
(15 )

where the elements of matrix R- are the averaging coefficients. For instance, R,7 denotes the contribution

of theT'th parameter to the estimate of the l'h parameter. The resolution matrix is an array whose diagonal

elements correspond to each grid cell of the model domain. The values of diagonal elements (i:j) are

between 0 and l. A value of zero means that a given parameter cannot be resolved using the available
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observation data, and a value of one means it can be resolved perfectly. The off-diagonal elements (i*j)

reflect the influence of other elements on resolving the elements on the diagonal. Thus a value of zero in

all the ii'h Ç not equal to l) elements means that the parameter in the j'h element has no effect on

determining the fth element and, consequently, no spatial averaging would be present in the estimate.

It should be noted that the resolution matrices R, do not depend on specific data or models, but are

exclusively properties of the sensitivity matrix J fAster et ol., 2005]. They reflect the physics and

geometry of a hydraulic experiment, and thus provide a powerful tool to assess the information content

of tomographic slug tests.

3 Results and discussion

3.1 Temporal sensitivities for a single slug test

To provide basic insight into how each hydraulic property can be resolved by the transient analysis of

tomographic slug tests, this section describes the results of the computation of temporal sensitivities for

K1,, K,lK6 and,S, based on the homogeneous and anisotropic base model of aquifer parameters and test

characteristics described in Table III.l. To start this analysis, we distinguish the region within the ROI

from the region beyond the observation well that represents the aquifer outside the ROI (regions I and 2

in Figure IILlb, respectively). These two regions are considered to assess how hydraulic properties can

be resolved within the ROI with the lowest interference from parameters outside the ROI. Given the

radial discretization of the numerical grid, the cells centered on the observation well were included in the

ROI. Figure III.2 shows head sensitivities to Kn, KJKn and,S" for the region within and outside the ROI

over the entire duration of a slug test. The sensitivities were computed with lr2dinv lBohling and Butler,

20011 in a forward modeling mode with an initial head displacement in the stressed interval of 4.5 m.

The plotted sensitivities are normalized by the corresponding hydraulic property values as described by

Equations lOa-c to compare the relative importance of each property. The sign of the sensitivity value

indicates whether the resulting change in head is proportional (positive value) or inversely proportional

(negative value) to a unit change in property value.
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Figures Ill.2a-b present the normalized head sensitivities for a stressed and an observation interval,

respectively, that are aligned along the same horizontalpath (tx7 and rx7 shown in Figure III.lc). It can

be seen that sensitivities to all hydraulic properties for the stressed interval are larger than sensitivities for

the observation interval. Despite the difference in scale of the two graphs, we note that sensitivities to

KJK1 and S"r for the stressed interval (Figure Ill.2a) are significant with respect to sensitivities for the

observation interval (Figure III.2b). In fact, sensitivities are proportional to the flow rate that contributes

to the head response at a particular point of observation (stressed or observation interval) le.g., McElwee

and Yukler 1978]. The total flow rate at a point of observation is the sum of the flow (fi and K") and

storage (,S,) components. Maximum sensitivities are thus found near the stressed interval where both

horizontal and vertical hydraulic gradients and the rate ofchange in heads are the largest.

Figure III.2a illustrates that the head response in the stressed interval is clearly more sensitive to Ku than

to KJK1 or ,S"r with high sensitivity conelations between those properties (Table III.2). Thus, only the

K;1 component can be realistically identified using only stressed interval data lMcElwee et ql. l995al.

Note that the stressed interval response is sensitive to KJKnt here because a small aspect ratio (screen

length over screen radius) that increases the proportion of slug-induced vertical flow is used for the

experiment and that sensitivity to K,/K61 generally decreases with increasing aspect ratio fParadis and

Lefebvre, 20131. Although sensitivity correlations presented in Table III.2 for properties within the ROI

are moderately anti-correlated with properties outside the ROI, sensitivity amplitudes for those properties

are very low and do not affect significantly the stressed interval response.

The curves depicted in Figure III.2b for the observation interval (rx7 shown on Figure III.lc) indicate

that sensitivities for properties within the ROI have similar amplitudes with different behaviors.

Sensitivity curves for Kp and &r have a fairly strong anti-correlation (Table III.2), which may results in

difficulty in resolving those properties using only observation interval data. The maximum sensitivity for

properties within the ROI actually occurs before (Kl and S") or at (KJKù the peak of the normalized head

response recorded in the observation interval (Figure III.2b). At later times, when the peak of the head

perturbation is moving beyond the observation well, the sensitivity for properties outside the ROI reach

their maximum amplitude and sensitivity to Kp, KJKp and &z are thus delayed in time with respect to

K11, KJK;I and ̂ S,r (Figure III.2b). The sensitivity to Kp and S"z with respect to sensitivity to properties

within the ROI indicate a low to moderate influence on the observation interval response, whereas the

very low sensitivity to KulK62 indicates that this properly cannot be identified from head data. Indeed, the

finite duration of a slug test and the attenuation of the head perturbation that travels in the aquifer indeed
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constrain the growth in sensitivities for hydraulic properties outside the ROI. Although the strong

sensitivity correlation between K62 and ̂ S"2 indicates that only their combined effects can be assessed,

their weak to moderate correlations with respect to sensitivity to properties within the ROI suggest that

Knz and &z can be isolated from K1,1, K"lKu and &r (Table III.2). While hydraulic properties within the

ROI cannot be completely resolved using either stressed or observation interval response alone, it

appears from Figures III.2a-b and Table III.I that Knt, KJKnt and &r can be better identified using both

stressed and observation interval responses lMcElwee et al., 1995b]. That is the combined use of

different head responses contributes to reduce correlations among the properties.

Table III.2 Correlation matrix for sensitivity to hydraulic properties for regions within (subscript l) and outside
(subscript 2) the region of investigation (ROI) with respect to stressed (tx7) and observation (rx7) interval. The ROI is
defined in Figure lll.lb and location of tx7 and rx7 tre shown in Figure III.1c.

Stressed Interval (tx7)

Within the region of investigation Outside the region of investigation

Properties Knr KlKnr S"l SrzKlKnzKnz

Kn,

K,/Knt

Str

Knz

K,/Knz

S"z

I

0.98

0.86

-0.64

-0.36

-0.52

0.98

I

0.73

-0.60

-0.31

-0.49

0.86

0.73

I

-0.62

-0.41

-0.53

-0.64

-0.60

-0.62

I

0.82

0.98

-0.36

-0.31

-0.41

0.82

I

0.88

-0.52

-0.49

-0.53

0.98

0.88

I

Observation Interval (rx7)

Within the region of investigation Outside the region of investigation

Properties Knr K,/Knr Srt Knz K,/Knz S"z

Knt

K,/Knt

&r

Knz

I

-0.12

-0.84

0.45

-0.12

I

0.64

0.68

-0.84

0.64

I

0.03
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I

0.41

0.82
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0.89
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0.89

1

I

0.89

0.89

0.99

0.82

0.72

0.41

0.38

K,/Knz

S"z

0 .15

0 .1  I
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Figure III.2 (a) Normalized head sensitivities to hydraulic properties (Kh,KJK; and.S") for a stressed interval; and (b, c
and d) observation intervals located at different angles from the stressed interval based on a homogeneous and
anisotropic aquifer model (Figure III.lb and Table lII.l). Locations of the intervals (tx7, rx7, rx5 and rx3) are indicated
in Figure III.lc (black dotted lines). Note the difference in scale for stressed and observation intervals. Subscripts I and 2
refer to parameters within and outside the region of investigation (ROI), respectively. Stressed interval sensitivities for
properties outside the ROI are not signilicant and are thus not shown in Figure III.2a. Corresponding normalized head
(HIH) responses are also shown (plain blue lines).

The sensitivity analysis is also extended to the effects of the angle between the locations of the stressed

and observation intervals on the observation interval response. Figures III.2b-c show head sensitivities to

properties within and outside the ROI for various observation interval angles (rx7, rx5 and rx3 in Figure

III.lc). Sensitivity amplitudes for K6 and,S,r generally decrease for larger angles, although they retain

relatively similar shapes, whereas sensitivity curves for K1,2, KJKnz (practically nil) and S,2 remain almost

unchanged. The relative influence of properties outside the ROI over Ky and S"r is therefore slightly

increased. Most importantly, Figures III.2b-d show that the sensitivity curve for KJK1 is strongly

affected by observation interval location. Indeed, sensitivities range from positive to negative values

depending on the location of the observation interval in the flow field. We note that for isotropic

conditions (K,:Kn) the sensitivity to all properties do not change with observation interval location. The

increases in travel path lengths at the angles used (9o and l7') are actually too small (<5%) to observe

any significant head attenuation. Thus from a practical viewpoint, because sensitivity to KJK1 is

100 1ol to2 103
Time (sec)
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maximal at low angle and may decrease rapidly to zero for anisotropic conditions, it may be sufficient to

only monitor the propagation of the head perturbation with observation intervals located at low angles

with respect to the source.

In summary, the front of the head perturbation, which begins with the first arrival time and ends with the

peak of the head amplitude recorded in the observation interval, contains the majority of the information

about hydraulic properties within the ROI. The different temporal behaviors of the sensitivity curves

suggest that information contained in stressed and observation interval responses of slug tests can be used

to independently identified K6, KulK6 and S" within the ROI without much interference from hydraulic

properties beyond the observation well. It should be noted that the head perturbation induced by a slug

test produces transient sensitivity patterns that are fundamental to independently identifu hydraulic

properties. Butler qnd McElwee ll990l demonstrated that only data collected during periods of changing

sensitivities provide information about hydraulic properties. Thus, unlike sensitivity curves for pumping

tests that reach constant sensitivity values for hydraulic conductivity components (K6 and KJKn) once the

cone of depression moves beyond the point of observation (e.g., Butler and McElwee, 1990; Bohling,

2009; Mao et al., 2013; Sun et al., 2013), the sensitivity curves induced by slug test for a particular

location within the ROI vary for all hydraulic properties over the entire duration of a test. That is, a larger

time window of opportunity is offered by slug tests to identify hydraulic properties within the ROI.

Moreover, the resolution potential for S" can be strongly lowered using pumping tests because wellbore

storage effects contribute to attenuate sensitivity to S,, especially on drawdowns recorded in stressed well.

Finally, hydraulic properties outside the ROI can have a much more negative impact on the identification

of properties within the ROI using pumping tests because the increasing cone of influence over time (in

opposite to slug tests that last for a short duration), may increase the correlation between properties within

and outside the ROI.

3.2 Spatial sensitivities for a single slug test

To further illustrate the fundamental aspects of tomographic slug tests, a spatial sensitivity analysis was

carried out on the hydraulic properties for a single slug test for the homogeneous and anisotropic aquifer

represented by the properties in Table III.1. A forward simulation was run to simulate a slug test using the

base case values (Table III.I) and the sensitivities were evaluated for all cells of the |43-parameter grid

(Figure III.lb), considering all time steps for a stressed interval (tx7) and an observation interval (rx7)

separately.
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Figures III.3a-b show the root-mean-square (RM,9) normalized sensitivity of heads to K1,, KJK6 and ̂ S" for

each cell of the parameter grid and for the entire duration of the test (10000 s). The RMS normalized

sensitivity to Kr, for parameter grid cellj is given by:

(16)

and similarly for KJK; and ,S,. The summation is over the entire set of r simulated heads at the

observation point (stressed or observation interval) and for all times over the test. The RMS normalized

sensitivity is an integrated measure of the sensitivity of the simulated heads at the observation point and

for all times to a small relative change in the given hydraulic property in a given cell. The root mean

square of sensitivity values for each cell emphasizes the relative variation of the sensitivities associated

with each properties and observation point and it is these relative variations that determine the resolution

potential.

For the interpretation of Figures III.3a-b, it is first important to note the difference in magnitude between

the sensitivities for the stressed and the observation intervals. As previously noted in Figures III.2a-b,

maximum sensitivities are for the stressed interval where the flow rates are the largest. Sensitivities for

the observation interval would then have presented larger values for an observation well located closer to

the stressed interval or using a higher initial head to initiate the test. The comparison of Figure III.3a to

Figure III.3b shows that the overall spatial sensitivity patterns for the stressed and observation intervals

are different. Sensitivities to Kr, KJKn and & for the stressed interval are focused mainly near the stressed

interval, whereas sensitivities for the observation interval are more evenly distributed over the ROI. Also,

the specific sensitivity patterns for each hydraulic property are somewhat different according to the flow

pattern induced by slug tests performed in stressed intervals of small aspect ratio. Indeed, Kn and S" larger

sensitivities are focused along the horizontal line that joins stressed and the observation intervals, where

horizontal head gradients and temporal variation in head gradients are maximal, respectively. For KJK;,

the larger sensitivity values are rather located on both sides (over and under) of the stressed and

observation intervals where vertical head gradients are more important.

! ;(*^L\'
nfi\ dKh)
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Figure III.3 Spatial distributions of root-mean-squâre normalized sensitivity to K6 K,lKl and ̂ S" over a single slug test for:
(a) a stressed interval (tx7); and (b) an observation interval (rx7). Locations ofthe intervals (tx7, and rx7) are indicated in
Figure III.lc (black dotted line).

Figures IIL4a-b show temporal head sensitivity to K6, K,/K1, and ̂ Sr for six regions (column of cells)

within the ROI that we distinguished from the region outside the ROI, as indicated in Figure III.lb.

Sensitivities for the l43-parameter grid in Figures IIL3a-b were summed over each region at each time

step, as previously done in Figures III.2a-d. As suggested by Figures III.3a-b, we observe from Figure

III.4b that while the observation interval response is sensitive to all regions within the ROI, the regions

that influence the stressed interval response are rather focused near the stressed interval with a decreasing

influence away from this well (note however the difference in scale between Figure III.4a and III.4b).

Thus, the benefits of using both stressed and observation interval to resolve correlations between

properties, as previously discussed with Figures III.2a-b, decrease with increasing distance from the

stressed interval as the sensitivities for the stressed interval vanish. Moreover, Figures III.4a-b show that

there are fairly strong correlations among sensitivity curves for adjacent regions in the middle of the ROI.

This suggests that it may be difficult to separate the contribution on the head responses of each parameter

within the ROI, particularly when considering normally noisy head data. Note that the same sensitivity

correlations can be observed for parameters outside the ROI (not shown). In the next sections, we will
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investigate how slug tests carried out in a tomographic format can cope with the different spatial patterns

of sensitivity for properties and observation points (stressed and observation intervals) and can alleviate

correlations between parameters to resolve Kn, KJKn and ,S, throughout all the ROI.
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Figure III.4 (a) Normalized head sensitivities to hydraulic properties (Kh, KJK1 and Sr) for a stressed interval (tx7); and
(b) an observation interval (rx7) based on a homogeneous and anisotropic aquifer model (Figure III.1b and Table III.1).
Locations ofthe intervals (tx7 and rx7) are indicated in Figure III.lc (black dotted line). Note the difference in scale for
stressed and observation intervals. Subscripts I to 7 zre defined in Figure III.lb. Corresponding normalized head (HlHs)
responses are also shown (plain blue lines).
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3.3 Spatial sensitivity and resolution of a tomographic experiment

This section examines the spatial sensitivity and resolution associated with a transient analysis of the head

responses obtained from tomographic slug tests. For that purpose, a tomographic experiment is

numerically simulated, with 13 slug tests along the stressed well with 3 observation intervals (except for

the upper and lower most stressed intervals that use 2 observation intervals) distributed along the

observation well to provide relatively uniform spatial coverage of the aquifer, as illustrated in Figure

III.lc. A total of37 observation interval responses and l3 stressed interval responses are thus used for the

sensitivity and resolution analysis to K6, K,lK1, and,S,, which is considered a reasonable test configuration

(moderate spatial coverage density) that might be practically obtained in the field. The present analysis is

carried out with a homogeneous and anisotropic model using all available stressed and observation

interval responses of the tomographic experiment, as suggested by sensitivity patterns shown in Figures

Ill.2-4, in order to fully assess the resolution potential of a transient analysis of tomographic slug tests to

resolve Kp, KJK7 and,S, within the ROI. The analysis is based on the sensitivity matrix computed from a

simulation of the head responses for each test, using the base property values presented in Table III. I and

the l43-parameter grid illustrated in Figure III.lb. The sensitivity of the head are then computed using

relations lOa-c for all times and all locations of the 13 stressed intervals and37 observation intervals for

all hydraulic properties (Kn, KJKn or S,), individually, associated with each cell of the parameter grid. The

resolution analysis is based on a truncated SVD of the sensitivity matrix, as previously described.

Figure III.5a shows the RMS normalized sensitivity of head observations to K6, K,/K6 and & values over

all 13 tests in the l43-parameter grid for a 10000 s time frame. As expected from Figures III.3a-b for a

single test, a transient analysis of tomographic slug tests using stressed and observation interval responses

focuses the sensitivity more strongly on cells near the stressed well, with gradually decreasing

sensitivities farther from the stressed well. Sensitivities are also found to be homogeneously distributed

along the vertical direction as expected from the relatively constant ray coverage density illustrated in

Figure III. lc.
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Figure III.5 (a) Spatial distributions of root-mean-square normalized sensitivity to K6, K,lKl and S"; and (b) diagonal
elements of resolution matrix (Figure III.7) for K6 K"lKp and ̂ S, associated with the analysis of the 10000-sec head records
for the synthetic tomographic experiment with 13 slug tests and 37 observation intervels (base case) shown in Figure
III.1c. The resolution values are based on truncated singular value decomposition (SVD) inversion with a relative
parameter error of 17o using the l43-parameter grid shown in Figure III.1b. Simulation parameters and average
resolution values for hydraulic properties within the region of investigation (ROl) are presented in Table IlI.3.

Figure III.6a shows the singular value spectra for the sensitivity matrix of the l43-parameter grid that is

composed of 429 singular values, corresponding to the number of hydraulic properties (3: Kn, KJKn and

S,) times the number of cells (143). A singular value spectrum is a graph of the singular values in

descending order. A larger singular value means a better resolution potential for those parameters. The

bump in the first 13 singular values corresponds to K1 values for the 13 cells closer to the stressed

intervals where the sensitivities for those parameters are much higher than in any other cells, as depicted

by the sensitivity patterns in Figures III.Sa-b. The slope of the spectrum also indicates the ability to

accurately estimate the parameter combinations associated with successive singular values. Indeed, the

independent information contained in head data exceeds or equals the number of unknown parameters, as

indicated in Table III.3 by the rank of the sensitivity matrix, which equals the number of parameters. This

means that with noise-free head data the true model of the hydraulic properties can be fully recovered,

which obviously does not represent real field conditions. The gradual decay in singular values toward
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very small singular values illustrated in Figure III.6a and the corresponding large condition number of

l.9xlOrr (Table III.3) both suggest that the tomographic experiment is severely ill-conditioned, which

means that the experiment is very sensitive to noise. That is, parameters that correspond to the smaller

singular values can be hardly resolved because they have very small influence on the head responses or

their sensitivities are highly correlated. As it will be shown later, most of the smaller singular values

correspond to parameters beyond the observation well.
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Figure III.6 (a) Singular value spectra, and (b) root-mean-square model norm associated with truncated singular value
decomposition (SVD) inversion of white noise (error standard deviation of 2x10{ m) head vector associated with the
analysis ofthe 10000-sec head records for the base case synthetic tomographic experiment.
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Table III.3 Simulation parameters and average resolution for hydraulic properties within the region of investigation (ROI) for various scenarios. SD stands for
standard-deviation.

Average resolution
within ROI (-)

Scenario
Initial
head
(m)

Cell
size
(m)

Noise
SD
(m)

unknown Rankparameters

singular condition
YAtUeS

. numDer
retarneo

K6 KJKa s"

Base case (37û<rx)

Noise-free

H0:9m

H0:225m

H0:1 .13m

Distance=6.56m

Distance:5.40m

Distance:3.65m

2E-4

2E-8

2E-4

2E-4

2E-4

2E-4

2E-4

2E-4

r .46

r.46

t .46

1 .46

1.46

r .46

1.46

r .46

7.98

7.98

7.98

7.98

7.98

6.56

5.40

3.65

429

429

429

429

429

429

429

429

429

429

429

429

429

429

428

427

366

r43

t43

r43

t43

t43

t43

t43

t43

4.5

4.5

145 l .9E+11

l .9E+11

9.5E+10

8.8E+10

9.8E+10

2.58+II

3.0E+l I

3 .4E+11

0.64

0.56

0.44

0.70

0.83

0.98

0.26

0 .14

0.38

0.50

0.80

0.66

0.55

0.43

0.72

0.86

0.99

0.63 0.30 0.62

0.99 0.99 1.00

9.0

2.25

1 .13

4.5

4.5

4.5

0.341 6 1

l 3 l
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Scenario
Noise Initial

SD head
(m) (m)

Average resolution
within ROI G)Cell

size
(m)

Unknown
parameters

singular 
condition

varues
. numDerretalneo

K1' KJKI ^S"

Distance:2.03m

Column:4

Column:3

Column:2

59txrx

37txrx&l3tx-l
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Using all singular values in the computation of the generalized inverse with noise-free head data will

yield an estimated model of the hydraulic properties, given by relation 13, which is close to the exact

solution. In order to provide a realistic estimate of parameter resolution under realistic field conditions

with actual synthetic data, we define the noise amplification behavior associated with the tomographic

experiment and use it to truncate the singular value spectra to a predefined noise level. Figure IIL6b

presents a plot of the RMS model norm obtained when a truncated SVD inversion of the sensitivity

matrix is applied to a white noise data residual vector versus the number of singular values retained in the

inversion. The head data residual vector is Gaussian with a mean of zero and a standard deviation of

2xl0-a m, which was evaluated from a residual analysis of head data recorded during the field

implementation of a tomographic slug tests experiment f,Paradis et a1.,20141. The RMS model norm is a

measure of the noise amplification error as described by Vogel 120021, which is based on a particular

realization of the residual vector and treating the sensitivity matrix as a linear approximation of the flow

behavior in the vicinity of the base property values fClemo et a1.,2003; Bohling,2009]. Note that various

realizations of the residual vector showed similar model norm results. Thus Figure III.6b (black line)

depicts the noise amplification behavior associated with the tomographic experiment previously described

for K6, K,/K6 and S" using the l43-parameter grid. With more terms added to the truncated SVD, the

magnitude of the error increases, reflecting the increasing amplification of noise associated with the

increasing demand for parameter resolution. For this analysis, we used a predefined relative parameter

error of l7o to truncate the singular value spectra (Figure III.6b).

Figure III.7 shows the resolution matrix associated with the analysis of the 10000-s records from the 13

slug tests based on truncated SVD inversion of the sensitivity matrix using 145 singular values, which

corresponds to a relative parameter error of l% (Figure III.6b). Thus, only the number of singular values

that ampliff the assumed head noise into average relative error of loÂ in the parameter estimates is

retained. The resolution matrix is 439x439, with upper left, center and lower right l43xl43 matrices

associated with the Kn, KJK; and S" values of the l43-parameter grid, respectively. The upper middle,

upper right and middle right matrices and their corresponding middle left, lower left and lower middle

mirror image matrices describe dependence among the K1,, KJK6 and. S" values. Each diagonal element of

the 439x439 matrix describes the degree of resolution of the K1,, KJKn or ,S" value in a particular model

cell and ranges from 1 for a perfectly resolved parameter to 0 for a completely unresolved parameter. Off-

diagonal elements of the resolution matrix describe the extent of bluning of a particular parameter

estimate due to correlations with other parameters during the inversion process lAster et al., 20051.

Resolution values lower than 0.5 indicate that the parameter estimate for a cell is influenced more
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strongly by other parameter values than it is by the corresponding parameter of the cell itself. Higher

resolution values are thus essentially focused on the diagonal of the resolution matrix for cells

encompassed by the ROI, as illustrated in Figure III.7. Small resolution values are also spread along two

off-diagonal stripes running parallel to the diagonal, suggesting a correlation between particular

parameters.

143-parameter grid, noise 1olo, 100O0 sec

Resolution
1 .0

0.8

0 6

0.4
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0 50 100 150 æ0 2s0 300 3so 400
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Figure III.7 Resolution matrix associated with the analysis of the 10000-sec records from the base case synthetic
tomographic experiment based on truncated SVD inversion of the sensitivity matrix with a relative pârameter error of
l7o. Full white lines superposed on the resolution matrix separates the different sub-matrices corresponding to each
hydraulic parâmeter and dashed white boxes encompâss parameters within the region of investigation (ROI).

To further examine the resolution behavior of the tomographic experiment, Figure III.Sb shows the

diagonal elements of the resolution matrix at the corresponding parameter grid cells fAster et a1.,20051.

As expected from the resolution matrix, resolution values for K6, K,lKn and S" are higher within the ROI,

but they are mostly focused on the stressed and observations wells with better resolution near the stressed

well. This results in a weak resolution potential for K6, K,lKn and ̂ S" within the ROI with average

resolution values for this region ranging from 0.30 to 0.62 (Table III.3). We note also the fairly lower

resolution potential for KJK1, in comparison to K1, and S,, as expected from Figures III.2b-d that show

relatively smaller sensitivity to K,lK6. This is expected to be the result of the test initiation method that

induces predominantly horizontal flow, even using stressed intervals with a small aspect ratio. For cells

within the ROI with low-resolution values, the inspection of the resolution matrix indicates that the
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resolution potential for those parameters is spread to adjacent cells that are horizontally aligned in the

grid. The off-diagonal stripes pointed out in Figure lll.7 are indeed exactly offset by a value of 13

parameters with respect to the diagonal, which corresponds to the number of vertical cells in the grid (see

Figure III.lb for the numbering of the parameter grid cells). This indicates that for each incompletely

resolved cell within the ROI, only the combined effects of this cell and the cells on its sides can be

effectively resolved from the inversion because the sensitivity to individual hydraulic properties for those

cells are highly correlated together, as it was also previously suggested by Figures IIL4a-b. It should be

noted that retaining more terms in the truncated SVD inversion will lead to an increase in average

resolution for parameters within the ROI, but the price paid for this resolution will be an increase in the

variance, as expressed by the noise amplification curve associated with the tomographic experiment in

Figure III.6b. In addition, Figure III.5b shows that it is not possible to extract information about Ky, KJK1,

and & outside the ROI, except for K7, just beyond the observation well. The inexistent resolution potential

for parameters outside the ROI is explained by the combined facts that sensitivities outside the ROI are

relatively small with respect to sensitivities within the ROI, with decreasing values away from the

observation well (Figure IIL5a), and the strong correlations between adjacent parameters for this region,

as deduced from the resolution matrix in Figure III.7. Very low-resolution values on the diagonals of the

upper right and middle right matrices suggest however that K6 KJKn and ^S" are not significantly

correlated together everywhere over the modeled domain. Thus, this analysis indicates that even using

information contained in the head records of a moderately dense network of stressed and observation

intervals, the effects of the hydraulic properties in several adjacent cells on head responses can be

inseparable (high conelation) or their effects in certain regions can be hindered (low sensitivity).

Estimates of the parameters are thus weighted averages of the true model parameters in the vicinity of the

poorly resolved cells and only their combined effects can be thoroughly resolved at the scale of the

parameter grid cell size used for this analysis. Note that a similar analysis could also be carried out using

varying vertical cell dimensions. But, using vertical cells smaller than the length of the stressed intervals

would result in too many parameters with respect to the information contained in the stressed interval

responses. That is, an increase in parameter variance and a decrease in parameter resolution would be

observed with smaller vertical cell dimensions.

Moreover, comparing Figures III.5a and III.5b reveals that although head responses induced by multiple

slug tests are sensitive to hydraulic properties throughout the whole ROI and, to a lesser extent, at a fair

distance away beyond the observation well, the resolution potential for Kp, KJK; and ̂ S, is essentially

focused on the stressed and observation wells. This is consistent with previous sensitivity and resolution
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analysis using pumping tests le.g., Vasco et al., 1997; Clemo et al., 2003; Bohling, 20091. Thus, the

goveming groundwater flow equation that describes hydraulic head propagation into an aquifer and the

geometry of the tomographic experiment itself are major limitations to spatial resolutions of hydraulic

properties, regardless of the test initiation method (pulse versus constant rate). This sensitivity and

resolution analysis clearly illustrates that head sensitivity to parameters is not a condition sufficient to

ensure the resolution of hydraulic properties in an aquifer, and correlations between parameters must be

taken into account lAster et a1.,20051. That contradicts the recent claims by Huang et al. f2}lll and, Sun

et al.l20l3l, which largely stems from their synthetic numerical inversion with noise-free data. Note that

the truncated SVD inversion of the sensitivity matrix for our previous synthetic tomographic experiment

with noise-free head data obviously leads to a resolution close to unity for each hydraulic property (K6,

KJKn and,S") within the ROI (Table III.4).

3.4 Analysis of factors affecting resolution of tomographic slug tests

This section explores the effects of various experimental parameters that can be considered in the design

of a tomographic experiment in order to maximize the resolution potential of an experiment. As pointed

out in the previous sections, the factors affecting the resolution of a tomographic experiment are basically

the head measurement error, the absolute magnitude of the sensitivities and the correlation between the

parameters (sensitivity correlation). Thus by means of resolution analysis, we varied different

experimental parameters to illustrate their impact on resolution factors and corresponding hydraulic

property resolution. For each scenario, the resolution of parameters within the ROI is calculated and

compared to the previous tomographic experiment in Section 3.3 (base case scenario) for discussion. As

previously done, resolution calculation is based on truncated SVD inversion of the sensitivity matrix with

a relative parameter error of l%o. For all scenarios the vertical cell dimension is also kept constant at 0.61

m, i.e. the length of the stressed intervals.

The relative magnitude of the sensitivity compared to the measurement error (signal-to-noise ratio) is a

critical consideration for parameter resolution. If the signal-to-noise ratio is small, it is difficult to

separate the real signal from the noise caused by measurement errors and thus obtain reliable parameter

estimates. For instance, Figure III.4a-b shows how the sensitivity curves for adjacent regions can be close

together. Although a noise-free inversion could recover exact parameter values, adding noise to head

measurements would obviously make it difficult to separate the respective contributions of each
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parameter. Table III.3 shows that using noise-free head data (white noise with a standard deviation of

2xl0-8 m) results in perfectly resolved hydraulic parameters within the ROI.

Although the noise level is dependent on the technology available to record head measurements, the

signal-to-noise ratio can also be improved by increasing the initial head of the slug used to initiate tests in

order to increase the relative magnitude of the sensitivity compared to the measurement error. Figure

III.8a and Table III.3 show the evolution of the average resolution for K6, KJK; and ̂ S, within the ROI

with respect to the initial head. Those curves show that up to a certain initial head, the resolution is not

improved significantly. Our interpretation is that when the head measurements in response to a hydraulic

perturbation are large enough to be differenced from the noise, the resolution potential is thus only

controlled by sensitivity correlation, which is inherent to the actual tomographic experiment (e.g.,

governing equation, source form, tests configuration).

We saw in Figures III.4a-b that sensitivity curves for parameters in the middle of the ROI were highly

correlated, which resulted in low resolution values for this region, as illustrated in Figure III.5b.

Meanwhile, as estimates of the parameters are weighted averages of the true model parameters in the

vicinity of the incompletely resolved cells (Figure III.7), an inversion can be regularized through

discretization to lower sensitivity correlation, and provide parameter estimates with higher resolution

lAster et al., 20051. Regularization through discretization can be achieved by reducing the number of

cells between the stressed and observation wells, either by increasing the lateral size of the parameter grid

cells or by decreasing the distance between wells while keeping the size of the l43-parameter grid cells

constant. With the former strategy, we reduce the cell resolution of the experiment, whereas with the

latter an increase in the cell resolution is achieved at the expense of a loss in spatial coverage (cell-

coverage tradeoff).

Figure III.8b and Table III.3 show the evolution of the average resolution for K6, KJKn and S, within the

ROI with respect to the average lateral cell size. For this analysis, the horizontally adjacent cells of the

I43-parameter grid (Figure III.1) were merged together to separate the ROI in two, three or four parts,

while cell dimensions outside the ROI were kept as in the l43-parameter grid cells. The resolution curves

for K1,, KJKn and S" show that the resolution for each property increases with increasing cell size, as

expected from the resolution matrix in Figure III.7. Maximum resolution is achieved when two columns

of cells separate the wells, for corresponding cell size of lateral dimension of 4.38 m. However, while the
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selection of a coarse grid for inversion increases the individual resolution within each cell, it may also

induce a bias in the estimated parameters. This bias is generally expressed by the smoothing of the

estimated parameters. For aquifers showing gradual variations in hydraulic properties, this averaging

procedure could be acceptable, but for highly heterogeneous distributions with sharp changes in property

values the effects of this discretization should be evaluated carefully. This is also valid for vertical

heterogeneity assessment.
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Figure III.Sc and Table III.3 show the evolution of the average resolution lor K6, KJK; and S" within the

ROI with respect to the distance between the stressed and observation wells. For this analysis, the

distance between the stressed and observation wells was gradually decreased, while keeping the size of

the l43-parameter grid cell constant. The resolution curves in Figure III.8c show that the resolution

potential increases with decreasing distance between stressed and observation wells, and maximum

resolution is achieved when two column of cells separate the wells, for corresponding lateral cell size of

1.46 m and an inter-well distance of 2.03 m. The comparison of Figures III.8b and III.8c thus reveals that

the resolution potential is effectively tied to the sensitivity matrix with resolution focused on the stressed

and the observation wells, regardless of the size of the cells. This means that the major limitation of

lateral resolution of tomographic slug tests is not the radius of influence of a slug test, but instead the

sensitivity correlation between parameters. When designing a tomographic experiment, one should thus

consider the tradeoff between cell resolution and spatial coverage with respect to the scale of aquifer

heterogeneity considered. For instance, highly heterogeneous aquifers will require closely spaced wells

for higher cell resolution in order to reduce bias in hydraulic property estimates, whereas reasonable

estimates can be achieved with more distant wells (coarser cells) within aquifers with more gradual

changes in properties.

As shown in Figures III.2a-d, sensitivity curves for stressed and observation intervals are different, which

suggests that reciprocal tests where roles of stressed and observation wells are interchanged can be used

to reduce sensitivity correlation between parameters and thus increase parameter resolution within the

ROI. To evaluate the potential of resolution of a tomographic experiment using reciprocal tests, we

combined sensitivity values of two independent simulations originating at different wells, to simulate the

interchanged roles of stressed and observation wells, because the actual radial flow model does not allow

simultaneous simulation of reciprocal tests. The sensitivities evaluated for every cell, time and stressed

and observation intervals of each reciprocal simulation are then combined on a common 143-parameter

grid with sensitivity values adjusted to account for the change in cell width and symmetry of the

sensitivities around wells. The resolution matrix is thereafter computed from this combined sensitivity

matrix.

For this analysis, Figure III.8d and Table III.3 present average resolution for K1, KJKn and,S" within the

ROI for different configurations of stressed and observation intervals, including the base case

configuration (37txrx) illustrated in Figure III.lc. Three different configurations using reciprocal tests are

considered: (l) the base case with 13 reciprocal slug tests using only stressed interval responses

t87



(37txrx&l3tx-t), (2) the base case with l3 reciprocal slug tests using stressed interval responses and only

one observation interval response per test (37txrx&l3txrx-1), and (3) the base case with its reciprocal

mirror image (37txrx&37txrx-1). We also consider a configuration without reciprocal tests similar to the

base case configuration, but using a total of 59 observation intervals spread over a larger range of

observation angles (5 9txrx).

As shown in Figure III.8d, using 59 observation intervals (59txrx) instead of 37 (37txrx) only slightly

increases the resolution of hydraulic properties within the ROI. In contrast, the reciprocal configuration

(37txrx&l3txrx-t; that uses approximately the same additional number of hydraulic responses provides a

much better the resolution potential (37txrx & l3txrx-tand 59txrx use 26 and22 additional intervals,

respectively). Using only l3 reciprocal stressed interval responses (37txrx&13tx-t; is even slightly better.

Obviously, using the base case with its reciprocal mirror image (37txrx&37txrx-t) considerably increases

the resolution within the ROI, especially for KJK;. We evaluated that using this configuration, a cell

resolution of 2.92 m (three column of cells) can be achieved with corresponding hydraulic property

resolutions over 0.95 for K1,, K,lKn and, S" within the ROI ("37txrx&37txrx-r resolution" in Table IIL3).

This clearly demonstrates that reciprocal tests are far more informative than observation intervals added

to existing stressed intervals. That is, reciprocal tests better contribute to decrease the level of correlation

between parameters within the ROI, which is achieved to a lesser extent with additional observation

intervals because ofthe higher redundancy in the sensitivity curves and the general decrease in sensitivity

amplitudes with increasing observation interval angles.

3.5 Principle of reciprocity for slug tests

To further understand the information contained in stressed and observation interval responses, the

implications of the principle of reciprocity for tomographic slug tests are investigated. If the principle of

reciprocity applies to tomographic slug tests, a change in the direction of slug testing (switching stressed

and observation interval locations) would not affect observation interval responses, regardless of the

degree of aquifer heterogeneity fMcKinley et al., 1968; Bruggeman, 1972; Falade, l98l; Barker,l99l].

Figures III.9a and IIL9b illustrate heterogeneous (layered) aquifer models and test configurations used for

the reciprocity analysis, where interchanging the roles of a pair of stressed-observation intervals simulates

reciprocal tests. For instance, the two reciprocal responses are obtained from a first simulation with the

stressed interval at Well I and the observation interval at Well 2 and the second simulation with the

stressed and observation intervals at Well 2 and Well l, respectively. Moreover, two different
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heterogeneous aquifer models are used to simulate symmetrical and asymmetrical test configurations

relative to heterogeneity. Symmetrical and asymmetrical test configuration means that the heterogeneity

pattems seen by the traveling head perturbation for each of the two reciprocal tests are mirror or else

flipped images, respectively. For both cases, the heterogeneity of the model is changed by varying one

property at a time while holding the two other properties constant, as presented in Table IIL4. It should be

noted that for reciprocal simulations two grids with different origins but with identical representation of

the heterogeneity are used to take into account the grid axisymmetry. For instance, a first grid with finer

cells at Well I is used for the simulations with txll (red path in Figure III.9) and a second grid

originating at Well 2 for simulations with tx3 (blue path in Figure III.9). We note also that the stressed

and observation interval locations are symmetrical to the upper and lower boundaries. In this paper,

heterogeneous models are used only to demonstrate the applicability of the principle of reciprocity with

slug tests.

Figures III.9a and III.9b present results of reciprocal simulations for symmetrical and asymmetrical cases,

respectively, with varying one hydraulic property value for the region 2 at the time (Table III.4).

Obviously, head responses for the symmetrical case are identical whether the test is initiated in Well 1 or

Well 2 (Figure III.9a). For the asymmetrical case, however, the observation interval responses are clearly

different for the two reciprocal tests, in particular with respect to Ka heterogeneity (Figure III.9b). Thus,

observation interval responses resulting from reciprocal slug tests cannot be interchanged for test

configurations asymmetrical to K1, heterogeneity, which refutes the principle of reciprocity.

The principle of reciprocity is not applicable for slug tests with test configurations asymmetrical to

heterogeneity because sensitivity patterns for the two reciprocal tests are different. As previously noted,

sensitivities are functions of the flow rate pattern induced by the slug test, which is controlled by both the

hydraulic properties and the intensity of the source. Obviously, the intensity of the source for a slug test

varies with time following head variations in the stressed interval (Figure llI.2a), which is maximal for

the initial time and gradually decrease to zero at the end of the test. For a slug test, the rate of head

decreases and the total duration of a test are both controlled by hydraulic properties of material near the

stressed interval (Figure III.3a), which differ for the two reciprocal tests. Consequently, the underlying

sensitivity patterns that shape reciprocal observation interval responses are also different and depend on

the spatial distribution of aquifer heterogeneity between the stressed and observation intervals.
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Table III.4 Hydraulic parameters used for the simulations to illustrate the principle of reciprocity with slug tests.

Simulation Region
K6

(m/s)

K, S"

(m/s) (--t)

Symmetrical and asymmetrical: Kp change

Symmetrical and asymmetrical: Ku change

Symmetrical and asymmetrical: S" change

For all simulations

lxl0-6

lx10-s

lx10-5

1 and 3 lx10-s

lxl0-6 1x10-a

lxlo-7 lx lo-a

lxlo-6 lx lo-5

1x1o-6 lx lo-a

It should be noted that the principle of reciprocity does not hold also for reciprocal constant rate pumping

tests with significant wellbore storage lDeng, 19961. For a pumping test, the total pumping rate is the

summation of the aquifer pumping rate and the wellbore storage pumping rate lPark and Zhan, 2002].

The wellbore storage supplies most of the initial pumped water, and initially equals to the total pumping

rate and gradually decreases to zero when pumping continues. In contrast, the aquifer pumping rate is

initially zero and gradually approaches the total pumping rate when pumping continues. Thus, because

the aquifer pumping rate is controlled by the hydraulic properties of material near the stressed pumping

well, similar to slug tests, reciprocal pumping tests in asymmetrical heterogeneous aquifers exhibit

different sensitivity patterns. The principle of reciprocity is applicable for pumping tests regardless of the

heterogeneity only when it can be assumed that the total pumping rate is instantaneously applied to the

aquifer (line source assumption assuming no wellbore storage pumping rate). Note that the applicability

of the principle of reciprocity for reciprocal pumping tests, as discussed above with wellbore storage and

line source, have been verified numerically with the heterogeneous models depicted in Figures IIL9a-b.

The applicability of the principle of reciprocity is then related to wellbore storage that acts differently for

pumping and slug tests.

Thus, the observation interval response contains information about hydraulic properties between stressed

and observation intervals, as depicted in Figure III.3b, but also about the intensity and shape of the source

that produced the head perturbation recorded in the observation interval, which are controlled by material

near the stressed interval (Figure III.3a). Consequently, the non-applicability of the principle of

1 9 1



reciprocity for slug tests requires that both stressed and observation interval responses be used together

for tomographic slug test analysis in order to isolate the influence of the stressed interval response on the

observation interval response. We note that independent analysis of each reciprocal test using both

stressed and observation interval responses provide the same average diffusivity value, regardless of the

heterogeneity lStreltsova,l9S8]. That may have implications for tomographic slug tests analysis based on

ray tracing techniques using only observation interval responses le.g., Brauchler et a1.,2007,2070 and

2017; Hu et al.,20ll], where observation interval responses may need to be transformed with respect to

the shape ofthe stressed interval responses.

4 Summary and conclusions

Through a sensitivity and resolution analysis, this study examined the information content of a transient

analysis of tomographic slug test data for characterizing K1,, KJKnand S" heterogeneities for a synthetic

case based on the known characteristics of a littoral aquifer showing K anisotropy at the scale of the

experiment. The analysis used a radial flow model enabling the simulation of wellbore storage effects to

represents hydraulic head propagation induced by slug tests in the plane encompassing the stressed and

observation wells. The first-order sensitivity analysis presented involved small perfurbations from a

homogeneous and anisotropic model, which seryes as a linear approximation of the effects of

heterogeneity on hydraulic head responses recorded in stressed and observation intervals used for

tomography. Resolution analysis was carried out using singular value decomposition of the sensitivity

matrix, as a convenient way of analyzing least-squares inverse problems, in the absence of an explicit

regularization term and using a noise level representative of field conditions. Various synthetic

experiments were assessed to show how head measurement error, sensitivity magnitude and sensitivity

correlation are affecting resolution potential of tomographic slug tests, and simple heterogeneous models

were also used to veri$' the applicability of the principle of reciprocity for slug tests. The main

conclusions of this study can be stated as follows:

o A transient analysis of tomographic slug test data is capable of resolving independently Kn, KJKn and,

,S" within the region of investigation (ROI) encompassed by the stressed and observation wells. This

resolution is better achieved with the combined use of stressed and observation interval data because

of l) the generally weak correlation of the sensitivity curves for hydraulic properties within the ROI,

as expressed by their different temporal behaviors, and 2) the non-applicability of the principle of
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reciprocity to slug tests for heterogeneous aquifers, which leads to a dependence of observation

interval responses to the direction of testing, that can only be resolved with the use of stressed

interval responses. The resolution potential lor K"lKn is however generally lower than for Kn and S"

likely due to the test initiation method that induces predominantly horizontal flow despite using

stressed intervals with a small aspect ratio.

Hydraulic properties outside the ROI exert only a limited influence on the resolution of Kn, KJKn and

S" within the ROI because of l) the attenuation over space and time of the slug test response, which

reduces the relative sensitivities for parameters beyond the observation well with respect to

sensitivities for parameters within the ROI, and 2) the distinct behavior of sensitivities for parameters

within and outside the ROI during passage of the head perturbation over the observation intervals. In

other words, parameters outside the ROI either have no influence on the observation responses

(KJKù or their effects can be isolated (K1, and,S,) using the entire head records in the analysis.

The resolution potential of tomographic slug tests for K6, KulK6 and & with a noise level

representative of field conditions is essentially focused on the stressed and observation wells as a

result of the high correlation between parameters within or outside the ROI. In particular for the ROI,

hydraulic head responses are sensitive to each individual parameter, but only their global behavior

can be resolved. Although reciprocal tests, where the role of stressed and observations intervals are

interchanged, greatly reduces the correlation between parameters in adjacent regions of the aquifer,

not much can be done in practice to increase the lateral resolution using head data alone, even using a

dense network of stressed and observation intervals.

rWhile transient sensitivity patterns induced by slug tests could provide different resolution potential than

pumping tests due to different behaviors of respective sensitivity curves, the same general limitation of

the governing groundwater flow equation applies on the lateral resolution of hydraulic properties between

wells [Zasco et al., 1997; Clemo et al., 2003; Bohling, 20091. Despite this limitation, the analysis of

tomographic slug test data could be viewed as a mean to estimate local heterogeneity of hydraulic

properties lVasco et al., 19971, where the inversion can be regularized through grid discretization.

Considering that only a few column of cells between stressed and observation wells can be effectively

resolved, characterization of Kr,, KJKn and ̂ S" with tomographic slug tests data is thus a tradeoff between

cell resolution (small cells with closely spaced wells) and spatial coverage (coarse cells with distant

wells), where the scale of an experiment need to be adapted to the degree of heterogeneity of an aquifer to

reduce bias in parameter estimates. For many hydrogeological investigations, estimates of local

heterogeneity in Kn, KJK; and & could however provide the necessary level of information needed.
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Meanwhile, the anisotropic framework offered by a transient analysis of tomographic slug tests, which

potentially could also be extended to tomographic pumping tests, provides greater confidence in the

estimated model parameters lBabuska and Cara, l99l]. Even if the result is that no anisotropy is

required, one can have greater confidence in the isotropic model thus obtained if the analysis method is

set in terms of an anisotropic framework. This knowledge about anisotropy could also be used to further

constrain geostatistical parameters required by commonly used geostatistically based inversion

approaches le.g., Yeh et al., 1995, 1996; Kitanidis and Vomvoris, 1983; Kitanidis,19951, as inappropriate

use of geostatistical parameters could induce considerable errors in hydraulic property estimates lCardff

and Barrash,20lll.

Although this study investigated the resolution for a two-dimensional wedge of an aquifer with a radial

flow model, results of this study are deemed to reflect the fundamentals of tomographic slug tests. Under

real field conditions, radially asymmetric heterogeneity relative to the stressed well may induce

significant angular variations influx toward the stressed well and bias head responses measured in the

plane between the stressed and observation wells. For the sensitivity and resolution analysis presented in

this paper, such situation is obviously not a concern because small perturbations of parameters from a

homogeneous and anisotropic model can be considered radially symmetric lBohling,2009]. Moreover,

such representation of an aquifer with a radial flow model is considered a fair approximation for layered

sequence of sediments with predominantly vertical rather than lateral hydraulic properties variations.

Indeed, sensitivity to hydraulic properties for slug tests are heavily focused near the stressed well (Figures

III.3a-b), with a sharp decrease in sensitivity over time (Figure III.2a) and distance (Figure III.3a). Thus,

sensitivity patterns for K1,, KJK6 and S" around the stressed and observation wells in a 2D areal view are

expected to be approximately symmetric with respect to the stressed well, with maximum influence of

asymmetric heterogeneity on the stressed interval response at early times when sensitivities are maximal.

The 2D areal sensitivity patterns for slug tests using stressed and observation intervals in the analysis is

likely different from sensitivity patterns for pumping tests with stressed and observation intervals, which

are asymmetrical around pumping wells [e.g., Oliver, 1993; Leven and Dietrich, 2006f, due to the

difference in the form ofthe source used to initiate the respective tests (pulsed versus constant rate). Then

as long as lateral hydraulic properties variations, especially K1,, àra gradual around the stressed well, head

responses measured in the plane between the stressed and observation wells can be considered fairly

unbiased and the use of a two-dimensional radial flow model fully justified.
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This study used a sensitivity and resolution analysis assuming a homogeneous and anisotropic aquifer

model and further work will have to be carried out to address the resolution potential of tomographic slug

tests related to the geometry of the heterogeneities (e.g., continuous or discontinuous layers), their

contrast in hydraulic property values (e.g., conduit or barrier flow), as well as on the appropriate

experimental design to capture those features. A field-based application of a transient analysis of

tomographic slug tests would also be the next logical step to further demonstrate the potential of the

approach.
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Résumé
La caractérisation des propriétés hydrauliques des aquifères devrait idéalement donner la distribution
spatiale de la conductivité hydraulique (K), de I'anisotropie de K (rapport de K vertical et horizontal,
K,lK1,) et de I'emmagasinement spécifique (5,). Paradis et al. 12014] a démontré qu'une analyse
transitoire de tomographie par choc hydraulique peut imager l'hétérogénéité de K6 KJKn et,S, à une
échelle de quelques mètres. La tomographie par choc hydraulique comprend la réalisation d'une série
d'essais de perméabilité à choc hydraulique dans un puits émetteur avec I'enregistrement simultané des
charges hydrauliques dans les intervalles émetteurs et dans des intervalles d'observations isolés dans un
puits à proximité. Cet article présente l'analyse des données obtenues au cours d'un essai de terrain
réalisé dans un aquifère de silts et de sables littoraux modérément hétérogène et très anisotrope.
L'objectif est d'évaluer les résultats d'une analyse transitoire de l'essai de tomographie par choc
hydraulique. L'algorithme de Bohling et Butler [2001] est utilisé pour l'inversion numérique transitoire
des mesures de charges hydrauliques prisent dans plusieurs intervalles émetteurs et d'observations, en
considérant l'emmagasinement de puits. La justesse des tomogrammes de Kn, KJKn et S" est vérifiée par
la simulation de tests hydrauliques à l'échelle globale et locale, non utilisés dans I'inversion, ainsi
qu'avec des profils de Kn et K" obtenus de tests indépendants de terrain et de laboratoire. Les résultats
indiquent que les estimations de K1, et K, par tomographie se comparent bien aux autres types de tests. De
plus, les différences entre les charges observées et prédites pour les tests multi-échelles résultent en
seulement de petites erreurs d'estimation des paramètres hydrauliques. Cette étude démontre donc la
capacité de la tomographie par choc hydraulique à définir des champs hétérogènes de Kn, KJK; et ,S" entre
puits.
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Abstract
Hydraulic aquifer characterization should ideally provide the spatial distribution of hydraulic conductivity
(n, K anisotropy (ratio of vertical and horizontal K, KJK;) and specific storage (5,) Poradis et al. [2014]
have shown that a transient analysis of inter-well tomographic slug tests could assess heterogeneities in
Kn, KulKn and S" at the scale of a few meters assuming that,S, is the sole storage parameter affecting slug
test head responses. Tomographic slug tests involve a series of packer slug tests carried out in a well and
the simultaneous recording of heads in the stressed interval and in observation intervals in an adjacent
well. This paper presents the processing of data obtained from a field test carried out in a moderately
heterogeneous and highly anisotropic silts and sands aquifer. The objective is to assess the results of a
transient analysis of the tomographic slug tests. The algorithm of Bohling and Butler [2001] is used for
the transient inversion of heads recorded in multiple stressed and observation intervals, considering
wellbore storage. The accuracy of K6 KJK; and ̂ S" tomograms is verified by simulation of large-scale and
local hydraulic tests, not used in inversion, and with profiles of K6 and K, from other field and laboratory
tests. K6 and Ku estimates from tomographic slug tests compare well with other measurements.
Furthermore, differences between observed and predicted heads from independent multi-scale tests (inter-
well and vertical interference slug tests) show small error in hydraulic parameter estimates. This study
thus demonstrates the capability of tomographic slug tests to define heterogeneous fields of K6, KJK1, and
S" between wells.

Keywords: Hydraulic tomography, Slug tests, Heterogeneity, Anisotropy, Inverse modeling, Aquifer
characterization
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1 Introduction

Hydrogeological investigations, carried out either to understand groundwater flow or contaminant

transport, require representative data on the heterogeneous spatial distribution of hydraulic properties in

aquifers lde Marsily et al., 20051. The geometry and texture of geological materials in aquifers vary

naturally through space as a result of complex geological processes, leading to heterogeneity in hydraulic

properties that greatly influence groundwater flow and contaminant transport at different scales

lKoltermann and Gorelick, 19961. Indeed, the large-scale heterogeneity, particularly in hydraulic

conductivity (1Ç, controls the paths of groundwater and contaminants, while both large and small-scale

variations control the magnitude of contaminant dispersion [e.g., Sudiclry, 1986; LeBlanc et al., l99l].

Hydraulic tomography has been identified by many investigators le.g., Neumann, 7987; Tosaka et al.,

1993; Bohling, 1993; Zhu and Yeh,2005 Bohling et a|.,2007; Illmon et aL.,2008; Brauchler et al.,20ll;

Berg and lllmqn, 20ll; Cardiff et al., 20I2f as a promising alternative to more conventional hydraulic

tests to image the heterogeneous spatial distribution of hydraulic properties in aquifers at field-scale

lButler,2005l.

Hydraulic tomography consists in the simultaneous analysis of inter-well hydraulic responses at various

observation points to multiple hydraulic tests (pumping or slug tests). Considering the sensitivity and

resolution analysis provided by Vasco et al. ll997l, Clemo et al. 120031 and, Bohling [20091for vertical

averaged and tomographic pumping tests as well as by Paradis et al.12014] for tomographic slug tests, a

tomographic analysis of drawdown or head data proved to hold the potential for imaging aquifer

heterogeneities at a scale of relevance for groundwater flow and large-scale contaminant transport

investigations. However, the groundwater flow goveming equation describing aquifer hydraulics and the

geometry of tomographic experiments are both major limitations to the resolution in hydraulic properties

that can be achieved between wells. In fact, the high sensitivity correlation for parameters located

between stressed and observation interval limits the horizontal resolution because of predominantly

horizontal flow between vertical wells. This is exacerbated in real field conditions with the presence of

noise in the head data. Although the vertical spatial resolution of an aquifer can be increased using

smaller stressed intervals, not much can be done to increase the horizontal resolution using hydraulic

responses alone. It follows that hydraulic tomography is limited to the estimation of medium-scale (few

meters) averages of hydraulic properties, where the horizontal cell-size will depend mainly on the

distance between wells. Such estimates can nevertheless provide the necessary level of information for

many hydrogeological investigations that require images of the global architecture of an aquifer.
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Previous field investigations using hydraulic tomography mainly focused on K estimates, assuming

isotropy in K (see the literature review in Cardiff and Barcash,20ll). For tomographic experiments at

sites where the assumption of isotropy does not apply at the scale of the experiment (e.g. length of the

stressed interval > vertical variations in sediments grain-size), K anisotropy (ratio of vertical and

horizontal K, KJKù has to be considered to ensure a meaningful interpretation of tomographic data. For

instance, such conditions can occur in aquifers where fine layering in sediments may induce large

anisotropy in K. Also, the knowledge of specific storage (S") may be useful to determine the hydraulic

diffusivity and flow system response times through aquifer systems (aquifer and aquitards units) in order

to assess impact of various hydraulic stresses on aquifers lHeath, 1983; Bredehoeft, 2011]. Moreover,

there are few accurate and reliable in situ methods to estimate S, fSmith et al.,20l3l even from pumping

tests due to deleterious wellbore storage effects lKruseman and de Ridder, 1990]. Considering the

sensitivity and resolution analysis provided by Paradis et al. l20l4l, a transient analysis of tomographic

slug test data would be a promising approach for obtaining such information on heterogeneities in Ky,,

KJKnand S'.

The purpose of this paper is thus to assess the quality of the information provided by a transient analysis

of tomographic slug test data. Although the analysis presented by Paradis et al. [20141shows that such

an analysis has the potential to provide aquifer heterogeneity in Kn, KJK; and S", there is a need to assess

the performance of this approach using data acquired with the constraints of real field conditions. We

address this need here by comparing the results of the inversion of a tomographic experiment performed

in moderately heterogeneous and highly anisotropic littoral aquifer with estimates obtained using other

hydraulic tests and by the simulation of various hydraulic tests not used in the inversion. Previous

assessments of hydraulic tomography have been done on field data for tomographic pumping tests by

Bohling et al. 120071, Berg and lllman [2011] and Cardiff et al. [2012] as well by Brauchler et al. [2011]

for tomographic slug tests analyzed using a ray tracing approach. To our knowledge this paper presents

the first assessment of a transient analysis of tomographic slug tests using field data, as well as the first

tomographic analysis that considers K anisotropy.

This paper first presents a general description of the study site and the tomographic experimental design

used in this study. The inverse method employed for the transient analysis of tomographic slug tests is

then presented, with a description of the tomographic data set. Results of the tomography analysis are

then compared with K1, and K, estimates obtained from other field and laboratory tests, and validated

using independent large-scale and local hydraulic tests.
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Site description

This study was carried out at the Saint-Lambert-de-Lauzon Research Site (SLLRS) located 40 km south

of Quebec City, Quebec,Canada (Figure IV.la). The SLLRS encompasses a 12 km2 sub-watershed area

surrounding a decommissioned sanitary landfrll emitting a landfill leachate plume (Figure IV.lb). The

SLLRS was used to develop an integrated aquifer characterization approach lTremblay et al., 20131.

Considering the regional geological context, as well as GPR surveys and cone penetration tests (CPT), the

hydrostratigraphy of the granular aquifer is found to have been controlled by longshore currents, tidal

fluctuations and wave actions that occurred in a littoral depositional environment. The surficial geology

of the study area is composed primarily of Quatemary sediments that were deposited and reworked

during the retreat of the Champlain Sea fBolduc,2003l. As depicted in Figure IV.lb, many beach ridges,

generally composed of sand, were formed by wave energy of the Champlain Sea lLomarche and

Tremblay, 20121. Between the ridges, areas of lower energy were present and finer sediments were

deposited.

The 100 MHz GPR section and the sediment profiles in Figure IV.2 depict the general stratification of

sediments found at the SLLRS (see section and profile locations in Figure IV.lb). Sediment profiles are

obtained from cone penetrometer tests (CPT) where mechanical properties (tip and sleeve stresses) of

sediments are converted into sediment textures based on the CPT classification chart proposed by

Fellenius and Eslomi [2000]. It should be noted that converted sediment profiles are used as proxy of the

real sediment textures and they are thus more useful for relative comparison over the study site than to

estimate absolute sediment classes. Several observations can be made from Figure IV.2. First, the

systematic stratification extending several hundred of meters shown by continuous GPR reflections

dipping a few degrees (between 3" to 5o) towards the sea, which is a characteristic feature of a littoral

depositional environment lVan Overmeeren, 1998]. Moreover, a mound in GPR reflections located at the

distance of 500 m on the GPR profile of Figure IV.2 suggests a sand barrier that separates the GPR

section in two distinct zones. The zone in front of the beach ridge (left, toward A') and the barrier itself is

mostly composed of sand (see sediment profiles CPT113 and CPT26) that was deposited as a result of

current reduction likely due to a change in bedrock topography. The lower reflection in Figure IV.2 is

associated with the contact between the littoral sediments and a till layer overlying bedrock. Small

hyperbolas below this contact are typical GPR characteristics related to blocks found in till. Beyond the

barrier (right, toward A), sediments are frner and show alternating sand and silt layers, as suggested by

profiles PlO and P17. GPR reflections within this region are also diffuse at a few spots as a result of more
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electrically conductive sediments, such clayey silt, which generally limits GPR signal penetration. The

water table is approximately I m below ground surface, as indicated by water level in wells, but cannot

be identified from the GPR profile.
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Figure IV.l General location of the study site (a), with the Quaternary sedlments map for the sub-watershed enclosing the
former sanitary landlill (b), and the location of the wells used for the tomographic experiment (c). The Quaternery map is
modilied from Lamarche and Tremblay [20121.

The depositional conditions of sediments (Figure IV.2) was also based on tip sffess data measured with

CPT. Tip sfiess is a measure of sediments compaction that is associated with grain-size and sorting

flunne et al., 1997). Tip stress generally increases with grain-size and poorly-sorted sediments. Relative
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variations in tip stress can thus be used to infer depositional conditions. For profiles located within the

region beyond the beach ridge, four layers that may be associated with the same stage of deposition are

recognized. Interestingly, Kl values measured from multilevel slug tests at l5 cm intervals show similar

profiles for wells PlO and P17 that are more than 200 m away from each other, as illustrated in Figure

IV.2. More details on multilevel slug tests procedure are provided by Paradis et al. [20lll.
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Figure IV.2 GPR section aligned parallel with the general littoral depositional direction along with profiles of sediments
texture derived from cone penetrometer test data (tip and sleeve stresses) and tip stress data for wells Vl,V2, PlO and
P17. Horizontal hydraulic conductivity (K) obtained from multilevel slug tests is also presented for wells in which these
meâsurements were made. GPR section and well locations are shown in Figure IV.lb.

Figure IV.3 presents the sequence of sediments derived from CPT data and tip stress profiles along wells

used for the tomographic experiment (see Figure IV.lc for well locations). The tomographic plot is

Iocated 50 m away from the end of the GPR section and the sediments architecture is thought to be an

extension of the region beyond the sand barrier as already depicted in Figure IV.2. Although there are

some differences in tip stress data between each well, the same general layering observed in Figure IV.2

can be recognized. The major difference is in the sand proportion derived from CPT data that suggests a

lateral increase in sediments grain-size. The large variations in tip stress over small vertical intervals also

suggest fine variations in grain-size (layering) that may induce K anisotropy at larger scale.

The comparison of K" measured on sediment samples using permeameter tests with Kl measured in the

field with multilevel slug tests provide evidence of K anisotropy at SLLRS, as previously suggested by tip

stress variations. To obtain K" by laboratory testing, 8 core samples were collected over the entire aquifer

thickness close to well P17. A piston-rod operated sampler driven by a direct-push rig allowed the

P17
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recovery of samples inside a PETG liner (38 mm diameter and 1.52 m long). A falling head laboratory

permeameter was designed to directly accommodate the PETG liner containing sediment subsamples of

l5 cm long to minimize disturbance of the original sedimentary structures and hence Ku estimates. More

details on sampling and testing procedures are provided by Paradis and Lefebvre [2013]. Results of the

permeameter tests presented in Figure IV.3 show that K" ranges from2.7xl0'8 to l.0xl0-5 m/s and the

comparison with K1, values available at the same elevation suggests that the KulK1, ratio may vary from

0.0025 to 0.83. This K anisotropy for a sample size of 15 cm is coherent with small-scale variations in

CPT data and the fine layering in grain-size observed in sediment samples.

In summary, the layered nature of sediments found at the SLLRS, as shown by the GPR section, the CPT

profiles and the multilevel slug tests, all suggest that the sedimentary architecture is relatively continuous

laterally across the study site. Although large-scale layers can be recognized over the study area, the fine

layering in sediments grain-size induces strong K anisohopy, as revealed by the comparison of K, and K6

values measured on the same intervals with permeameter and multilevel slug tests, respectively. Thus to

ensure a meaningful understanding of flow and transport characteristics at the SLLRS, a hydraulic testing

approach has to capture vertical and horizontal variations in hydraulic properties, including K anisotropy.

- Kh-Multilevel slug test
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Figure IV.3 Sediment layers in the aquifer based on tip stress data (numbered from Ll to L4) along with profiles of
sediment texture derived from cone penetrometer test data (tip and sleeve stresses) for wells Pl7,Pzl and Pl9 at the
tomography site (legend in Figure IV.2). Vertical (K,) and horizontal (Ky,) hydraulic conductivities obtained from
laboratory permeameter and lield multilevel slug tests, respectively, are also provided for well Pl7. Well locations are
shown in Figure IV.lc.
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3 Tomographic experiment design

3.1 \ilellinstallations

The SLLRS was instrumented with a total of 5 wells arranged in a diamond pattern (one at each corner

and one in the center) 15.9 m in the long axis and 10.8 m in the short axis (Figure IV.lc). Fully screened

direct-push wells were installed over the entire aquifer thickness with a direct-push rig (Geotech 605D)

following the protected screen standard technique I,ASTM,2004l. These wells were installed at the same

locations as CPT soundings and screens were placed in direct contact with undisturbed sediments. Sand-

pack was not used with well installation to reduce the effects of hydraulic short-circuits for observation

intervals located along the stressed well lParadis ond Lefebvre, 20131. The fully screened wells have a

diameter of 5.1 cm with screen length ranging from 7.6 to 9.2m. Wells were thoroughly developed to

insure good hydraulic contact between the screens and sediments lParadis et al., 2011]. This well

installation is a key step in the success of hydraulic tomography as it allows flexibility in the tomographic

design with packers. For instance, stressed and observation intervals can be isolated with a packer spacing

of any length into any well.

3.2 Data collection

In this paper, we only report on the tomographic experiment t2bl7 carried out between wells P2l and

Pl7 as stressed and observation well, respectively (Figures IV.lc and IV.3). For this experiment, a

network of pressure transducers was installed within screen intervals isolated by packers to allow data

collection during slug tests (Figure IV.4a). Inflatable packers were built of 25.4-mm ID PVC tubing, and

threads on the tubing allowed the use of variable screen length between packers. A line connected to a

nitrogen tank at the surface was attached to the packers to inflate them to the desired pressure; pressure

regulators were used to keep the pressure constant for all tests. All observation intervals were isolated

into the observation well by daisy chaining screens and packers. Observation intervals of 30 cm were

used, to accommodate pressure transducers,'separated by packers of 6l cm in length. All observation

intervals were straddled to reduce wellbore storase effects.

Within the stressed well, a three-packer assembly was used to isolate the stressed interval and an

observation interval underneath, as proposed by Paradis and Lefebvre l20l3l for vertical interference

slug tests. The stressed interval isolated by two packers at the top of the assembly was connected by a
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25.4-mm ID PVC riser pipe to the surface (Figure IV.4b), within which water levels were monitored

during each test to determine the end of the monitoring period. A stressed interval of 6l cm was used and

the underneath 30-cm observation interval was separated by a packer of 61 cm in length. For each test of

tomographic experiment t2ft17, six intervals were thus monitored simultaneously: the stressed and the

observation intervals in the stressed well P2l. and four observation intervals in the adiacent well P17.

To reduce hydraulic head drift and noise caused by packer inflation and deflation, packers used to isolate

intervals in the observation well were inflated at the beginning of the day and were left in place for entire

duration of the tests. The download and transfer of all slug test data was only done at the end of the day.

The stressed and observation intervals were monitored with 0-10 m pressure transducers (model LT 3001

Levelogger Gold, Solinst Canada Ltd.). To obtain good time-resolution recordings of hydraulic responses

and to estimate noise level associated with the transducers the sampling rate was set to I sec.

Figure IV.4 Slug test instrumentation for tomographic experiment: (a) packers, screens and pressure transducers used to
monitor slug test responses; (b) water column (white PVC) used to initiate slug tests.

3.3 Tomographic slug tests description

Only for tomographic experiment t2ft17, a total of twelve slug tests were carried out and monitored in

the stressed well P21, while simultaneously recording hydraulic responses within four observation

intervals straddled in well Pl7 and within one observation interval in well P2l, as depicted in Figures

IV.Sa-b. Slug tests were done systematically at successive 6l-cm intervals to stress all parts of the aquifer

along well P21 and to better constrain the inversion. Slug tests were done using a water column to induce
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an initial rise of the water level. For this purpose, a wellhead assembly was attached to the top of the riser

pipe of the stressed interval (Figure IV.4b). This device contained a bottom-hole valve, which initially

allows the filling of the device with water and the fast introduction of the water column into the stressed

interval. The device also contained a watertight adapter that allowed a transducer cable to pass for real-

time monitoring of the stressed interval. The initial head induced for all tests with this device ranged from

4.06 to 4.49 m (Table IV.l).

Table IV.l Summary of slug tests carried out at SLLRS for tomographic experiment t2lrl7. Prelix "t" is for
"transmittertt (stressed interval) whereas ttrtt is for "receiyer" (observation interval).

Initial head in
Stressedinterval stressedinterval

(m)

Maximum
observed

amplitude in
observation well

Pt7

(m)

Interval of
maximum

amplitude in
observation well

Pt7

Maximum
observed

amplitude in
observation

interval in well
P2l

(m)

tz l -236

tzt-297

r2t-358

t2l-419

tzl-480

t2l-541a

tzt-541b

t2t-602

t2l-663

t2l-724

t2l-785

tzl-845

4.24

4.33

4.46

4.28

4.45

4.46

4.48

4 . 2 1

4.06

4 . 2 1

4.37

4.49

0.026

0.034

0.059

0.029

0.032

0.029

0.024

0.055

0.071

0.066

0.057

0.031

r l7 -214

rl7-305

rl7 -396

rl 7-488

rl7-488

rl7-488

rl7-580

r l7 -671

rl7 -67 |

r l7-762

rl7-762

rl7-854

0 .016

0.010

0.t12

0 .191

0.065

0.026

0.087

0.074

0.226
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Slug tests were recorded until the peak amplitude in the observation intervals had passed. This was done

mainly to reduce test duration, and it is justified by the fact that data for times up to the first inflection

point after peak amplitude contain sufficient information to determine hydraulic properties within and

outside the region of investigation lParadis et a1.,20141. The slug tests duration ranged from 5 to 16

minutes, thus allowing multiple tests to be done in a single day.

The spacing between observation intervals was initially based on the thickness of the aquifer layers

depicted by CPT data and multilevel slug tests at well Pl7 (Figure IV.3). The resulting coverage density

depicted in Figure tV.5b is generally uniform, except for a zone around elevation 112.5 m where a

defective packer at the end of the daisy chained assembly precluded the monitoring of heads in a fifth

interval. Note that the coverage density in Figure IV.5b assumes straight ray paths and it is only presented

to illustrates the configuration of stressed and observation intervals used for tomographic experiment

t2lrl7. The angles between stressed and observation intervals (using screen centers as reference) ranged

from 0o to23".

From a practical viewpoint, a hydraulic head perturbation can be generated from a slug test for a large

range of aquifer K values in an aquifer, which does not limit tomographic testing to intervals with
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moderate to high 1( as can be expected with the use of pumping. A head perturbation induced by a slug

test is only delayed in time following K variations, so that K values do not affect the amplitude of the

perturbation, as opposed to pumping tests that can desaturate small stressed intervals in low-K

formations. However, one of the main challenges for a field implementation was to obtain a good signal-

to-noise ratio. As summarized in Table IV. I, heads measured in observation intervals at well Pl7 were

quite small and generally less than 8 cm. The amplitude for the observation interval placed under the

stressed interval in well P2l were generally higher, but early head measurements may be subject to

dynamic hydraulic short-circuits that should be recognized and taken into account during the analysis

lParadis and Lefebvre,20l3l. The high K anisotropy, that strongly attenuated the head perturbation in the

vertical direction, and the moderate to high values of S" both contributed to the small head variations

recorded in observation intervals. This emphasizes the importance of designing a slug test device able to

induce alarge stress on the aquifer (Table IV. l) combined with the need to use very sensitive pressure

transducers.

3.4 Inter-well interference slug test description

In complement to the previous tomographic experiment, an interference slug test between wells P21 and

P17 using the entire screened section of each well was carried out. This test provides the average dynamic

behavior of the aquifer under stress and can be used to constrain or to verify the results of the

tomographic inversion. For this test, wells P2l and Pl7 were used as stressed and observation wells,

respectively. The same device was used to initiate the test and the observation well was straddled at the

top of the water table with a packer to reduce wellbore storage effects. The initial head in the stressed

well was 2.99 m and the maximum amplitude recorded in the observation well was 0.023 m.

4 Data analysis methodology

In this study, we invert tomographic experiment t2ft17 slug test data with a radial flow model.

Observation interval responses recorded in the observation well, together with stressed interval responses,

are used in the numerical inversion to estimate the spatial distribution of hydraulic properties between

wells P2l and Pl7. The accuracy of the spatial distribution of Kn, KJK; and & generated by the inversion

of multiple slug tests is evaluated in the next section with observation interval responses recorded below

the stressed interval in well P2l (vertical interference slug tests) and the inter-well interference slug test
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conducted as part of the present tomographic effort. In this section, we first describe the inverse analysis

adopted in this study.

4.1 Radial flow model

The program lr2dinv (linear and gadial 2D !4version) developed by Bohling qnd Butler [2001] is used in

this study to inverse the data from the tomographic slug tests experiment t2kl7. lr2dinv is a two-

dimensional radial-vertical finite difference flow model coupled with a Marquardt-Levenberg algorithm

that can be used for simultaneous inverse analysis of head responses. Under conditions of radial

symmetry, meaning the absence of angular variations in both the hydraulic properties and the boundary

conditions, the flow to a partially penetrating stressed interval in response to an instantaneous change in

water level in a confined aquifer of infinite areal extent is described by:

where h:head [L], S":specific storage lllLl, Krhydraulic conductivity in the radial (or horizontal-K;,)

direction fLlTl, K": hydraulic conductivity in the vertical (or K") direction lLlTl, t:time[T], rradial

coordinate [L], and z:vertical coordinate (positive upward from the base of the aquifer, which is used as a

reference) [L].

The inner boundary of the model is at the stressed well radius r. [L] and initial conditions given by:

h ( r , 2 ,0 ) -0  r n ( r ( oo  0<z<b

H(O)= go

where à [L] is aquifer thickness, Ë1is the level of water in the well [L], and Hs is the static water column

height above the stressed interval, equal to the level of water in the well at ,:0, [L].

i*('*,#).*(o *)=''# ( 1 )

(2)

(3)
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The outer boundary conditions are the following:

h( r=* ,7 , t )=0  r>0  0<z3b

àh ( l , o , t )  _àh ( r ^ , b , t )  =o  r>o  r *1y1æ
àz ôz

(4)

(5)

(6)

(7)

and the inner boundary conditions at the stressed interval are given by:

where d is the distance from the top of the aquifer to the top of the sfressed interval [L]; Z is stressed

screen length lLl; r" is the radius of well casing [L]. The imposed boundary conditions for this study were

no flow for the boffom boundary and constant head for the top boundary (unconfined conditions), as

illustrated in Figure IV.6a.

l'1)o|*rrYz= H(t) t >o

Z*,K,ry=
0  Z1d ,z>d+L  t>0

nrj anft)
; ï  

d>z<d+L  t>0

216



t21 -stress r17-observation
constant head

t t o

1 1 5

'l'14

1 1 3

112

1 1 1

1 1 0

109

0

t21-stress

1 1 6

t 1 Â

114

1 1 3

'112

1 1 1

1 1 0

109

- region of investigation .+

o  2  4  6  I  1 0  1 2  1 1 1
Radial distance (m)

Figure IV.6 Simulation (a) and parameter (b) grids for the inverse analysis of tomographic experiment t2lrl7.

The program lr2dinv also allows incorporating the wellbore into the model domain, thus representing the

effects of wellbore storage and the placement of packers in the stressed well. Wellbore storage is defined

as the relative volume change LV per unit head change Àà in the wellbore (14/:LVl(V'Lft)). Wellbore

processes are approximated using Darcy's Law, with open sections of the wellbore represented as high-K

regions 6n:lrl05 m/s and K":lxlO8 m/s; and packers as low-K regions (K;l(;1x10-r2 m/s). To

simulate the wellbore, one column of cells is used to represent the region inside the wellbore, from the

wellbore radius, r,, to the inner radius of the model grid, r^;,:r,exp(Âr'), where Ar' is the constant

spacing in the transformed radial direction. Most cells in the wellbore should be assigned a S" value of 0,

representing the fact that water is essentially incompressible. However, the top cell in the wellbore (or the

top in any screened interval) should have a S, value of I to indicates that the hydraulic stress would

translate directly into the wellbore and the program will convert to the value
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''=L(*)=*[
t - exp(-2nr')

to account for the vertical thickness of the cell and compensate for the exclusion of the inner portion of

the wellbore (between r0 and r:r.i,) from the model domain. To simulate each slug test, the initial head

in the top cell was set to the initial displacement used to initiate the test, H6, with all other initial heads in

the model set to zero assuming therein steady-state conditions prior to each test. The storage properties of

the wellbore are set to represent wellbore storage effects, which is a key factor to obtain a meaningful

interpretation of inversion results with tomographic slug tests. Wellbore storage affects the hydraulic

response in an observation interval in two ways. First, for a given distance between the stressed and

observation interval, wellbore storage causes a delay in the time at which the pressure change is observed.

Second, the response amplitude grows with the wellbore storage if the initial head change remains the

same fPrats and Scott, 1975; Spane, 1996; Brquchler et a1.,2007,20111' Paradis and Lefebvre,20l3l.

Wellbore storage effects (time delay and amplitude change) are also relative to S" values and then for an

aquifer where .1" is expected to vary, simulation of wellbore storage as provided by lr2dinv will greatly

improve the accuracy of inverted tomograms. The lr2dinv model assumes that wellbore storage effects

can be neglected in the observation interval. To obtain test data with minimal wellbore storage effects, the

observation intervals were straddled with packers in the field.

(8)

The lr2dinv model uses a logarithmic transform of the radial coordinate, r':ln(rlr*), to transform the

radial flow problem into an equivalent Cartesian problem in (r', z) space lButler and McElwee, 1995;

Bohling and Butler,200ll. This stûdy used a simulation grid with 43 cells of dimension Lr'--0.19492

along the transformed radial axis and52 cells of dimension Lz:O.1524 m along the vertical axis (Figure

IV.6a). In the physical space, the radial location of the grid node with radial index i is r,exp((i-O.5) Âr')

and the location of the outer face of the corresponding cell is r,exp(iÂr'). The scale of the logarithmic

transform was adjusted to fit the radial location of the grid nodes to the location of the wells. The

exponentially telescoping grid in the radial direction provides an easy means to place the outer boundary

far from the stressed well. The discretization used places the zero-head outer boundary of the model about

111 m from the stressed well, so that this boundary has negligible effects on simulated slug test heads at

the stressed and the observation wells.
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4.2 Parameter grid

To handle the issue of non-uniqueness when solving the inverse problem, we regularized the numerical

inversion by the so-called discretization approach lAster et a1.,20051. With the lr2dinv model, a separate

zonation of the simulation grid can be specified for each hydraulic property, cells of the simulation grid

are merged to define a parameter grid, shown in Figure IV.6b, that is expected to correspond to the

effective spatial resolution of the tomographic experiment t2lrl7. The cell size for the parameter grid is

based on the sensitivity and resolution analysis provided by Paradis et al. l20l4l for a synthetic

tomographic experiment based on similar field conditions as the ones used in this study. In that study, it

was found that the region of investigation encompassed by the stressed and observation wells, can be

adequately resolved for K6, KJK; and & with an effective cell width that corresponds to half of the region

of investigation when using only one stressed well and one observation well in the analysis. The vertical

resolution of cells was set to 61 cm, which corresponds to the length of the stressed interval used for slug

tests. The parameter gridused for the inversion is then composed of 39 cells with 13 cells in the vertical

and three cells along the horizontal direction: two for the region of investigation and one for the region

beyond the observation well. As distinct zonation for regions within and outside the region of

investigation was done to take into account the influence of the two regions. Following the analysis

provided by Paradis et al. 12014], K1, and S" values for cells just outside the observation well can

potentially be resolved from a transient analysis of tomographic slug tests, whereas KJKn values for the

entire region beyond the observation well have practically no influence on heads and thus cannot be

resolved. Thus, for this study, we concentrate our analysis only for the region encompassed by the

stressed and observation wells because of the larger uncertainty in estimates for parameters outside the

region of investigation. This discretization is thought to be sufficient to image the vertical and lateral

heterogeneity in hydraulic properties that is expected from available information. Using finer parameter

grid cells would of course lead to over-parametrization because there is insufficient information to

constrain the inversion at a smaller grid scale. The same parameter grid was used for Kn, KJKn and S" and

no other form of regularization was applied to the inverse analysis.

4.3 Inverted data set

All the 12 slug tests of tomographic experiment t2bl7 were analyzed simultaneously to produce

heterogeneous distributions of K7,, KJK;and S" in the panel between wells P21 and Pl7. For each test, the

stressed and four observation interval responses were simultaneously inverted, except for test t2l-236

where two observation responses were removed from the dataset due to defective connections that created
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too much noise (Figure IV.5a). A total of 12 stressed interval responses and 46 observation interval

responses were then available for this experiment and analyzed. Using stressed interval responses in the

inverse analysis is important in order to increase parameter resolutions near the stressed intervals and also

to reduce uncertainties in property estimates from the shape of the observation interval responses due to

the non-applicability of the principle of reciprocity for slug tests, as shown by Paradis et al. l20l4l.

Original measurements were subsampled using a l0-sec interval to reduce computational burden while

remaining well below the Nyquist sampling criterion. It was found to be crucial to keep the shape of the

head response in the analysis because maximum sensitivity to each hydraulic property occurs at different

time periods during the test lParadis et a1.,2014]. The total number of data points used for this inversion

was 3408. Observed head data shown in Figure IY.7 are raw responses, as measured in the field, without

any kind of filtering.

The noise level associated with head measurements was estimated from a residual analysis of head

records. For this analysis, sections of head records that are nearly linear were extracted and the statistics

on the deviation (residual) of the recorded heads with respect to a linear fitted model on the observations

were computed. The value of the standard-deviation of the error is lxl0-a m, which is well below values

of recorded heads in observation intervals (Table IV.l and Figure IV.7). Weighted inversion that accounts

for the noise level was not used because all head measurements have similar noise level regardless of the

absolute amplitude in head responses and it is thus similar to an unweighted inversion. Instead, a

weighted regression was done to account for the scale discrepancy between stressed and observation head

responses. The scaling factors of the Levenberg-Marquardt algorithm associated with each stressed

response and their corresponding observation interval responses were then adjusted according to the

relative amplitude of the stressed and observation interval responses.
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5 Transient hydraulic tomography: analysis of results

The inversion of the head data was mn for all slug tests listed in Table IV.l and the iterative estimation

process terminated either when the relative difference between two consecutive unknown parameter

estimates (p) was less than ltl0-3 or the relative difference between two successive values of the

following chi-squared error was lower than I x l0-8:

where /ri is the i'o head observation and l(p) is the corresponding simulated head, based on the current

vector of unknown parameters, p, and s; is the scaling factor associated with the i" observationfBohting

and Butler,200l]. All test data were included in the inversion simultaneously and the inversion started

with uniform Kh, KJK; and S, fields (r(i,:l x 10-s m/s, KJKh:O.| and S"=1t 104 m-r) with no constraint

imposed on the inversion. The duration of the hydraulic test considered in the simulation was 1000 sec to

give enough time to reproduce the peak amplitudes recorded in all observation intervals. A linear

biconjugate gradient scheme was used for solving the system of equations in the finite difference model.

In the presence of strong vertical to horizontal anisotropy, this preconditionner is known to speed up

convergence. The inversion of the tomographic experiment t2hl7 was done on a OSX (64-bit) operating

system running on an Intel Quad Core i7 processor running at2.2 GHz with 16 GB of RAM. The total

computation time for data inversion was 1235 min. Simulated heads for each test are compared to

observed values in Figure IV.7 and validation statistics are presented in Table IV.2.

Analysis of simulated and observed heads for each slug test in Figures IY.7a-b reveals that the inversion

captures fairly well the general behavior ofhead responses obtained during the tests. Indeed, first arrival

times and maximum amplitudes of simulated observation interval responses mostly coincide with field

observations (Figure IV.7b). Only a small delay in time is observed between simulated and observed

stressed interval responses, as depicted by simulated responses slightly ahead of observed curves for few

tests (Figure lY.7a), which may suggest a small overestimation of Kr, values near well P21. The slope of

the linear regression between observed and simulated heads (m) are 0.977 and 0.960 for all stressed and

observation intervals (Table tV.2), respectively, which indicate that simulated heads overall slightly

(e)
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underestimate observed heads. Nevertheless, coefficient of correlation (r) and rn values close to unity

between simulated and observed heads for almost all tests indicate that there is no systematic deviation in

head estimates. Moreover, root-mean-square enor (RMSË") values in percentage of the maximum head

recorded in stressed or observation intervals indicate small errors for both stressed and observation

intervals with RMSE values ranging from I . 8% to 9.9%o for all tests.

Table IV.2 Validation statistics for observed and simulated heads for each slug test used in the inversion of tomographic
experiments t2lrl7: "r" is the coefficient of correlation, "m" is the slope of the linear regression and "RMSE' is the root-
mean-square error. Statistics for stressed and observation intervals are presented separately. RMS in percentage is
calculated relative to the maximum head measured in stressed or observation interval according to Table IV.1.

Stressed interval Observation intervals

Test RMSE
,n

(m I oÂ)

RMSE
m

(m I oÂ)

t2t-236

tzl-297

t2l-358

t2 l -419

t2t-480

t2 l -541a

t2l-541b

t2l-602

t2t-663

t2l-724

t2l-785

t2l-845

0.991

0.997

0.986

0.994

0.999

0.999

0.997

0.996

0.992

0.991

0.987

0.998

0.936

0.944

0.940

l . 1 0 0

1.037

1.064

0.964

0.954

0.903

0.933

1.041

1.080

0.318 / 7.5

0.207 t4.8

0.219 I 4.9

0.365 /  8 .5

0.078 /  1 .8

0 .173  t3 .9

0 . t60  t3 .6

0 . r32  /3 . r

0.210 t 5.2

0.269 t6 .4

0.432 t9 .9

0.301 16.7

0.942

0.973

0.975

0.994

0.998

0.994

0.987

0.992

0.994

0.987

0.988

0.995

0.919

0.913

0.854

0.979

1.017

1 . 0 1 3

0.966

0.931

0.994

0.922

0.950

1.009

0.0023 / 8.8

0.0023 t6.8

0.0031 / 5.3

0.0012 t 4.r

0.0007 t2.2

0.0012 t 4.1

0.0008 / 3.3

o.oot7 l3 . l

0 .0015 l2 . l

0.0026 t3.9

0.0022 t3.9

0.0010 /  3 .2

All tests 0.989 0.977 0.270 t6.2 0.989 0.960 0.0019 I 4.4
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The final Kn, KJKn and & tomograms obtained from data inversion of tomographic experimentt2lrl7 are

shown in Figures IV.8a-c, respectively. Inverted parameter values for outside the region of investigation

are presented but our analysis focuses only on the region of investigation as previously discussed in

Section 4.2. Although the spatial distribution for each hydraulic property is generally heterogeneous

across the region of investigation, some layering between high and low Kl values can be recognized in the

tomogram of Figure IV.8a. For instance, two dipping làyers of higher Ky, values (around elevations I I I m

and I 14 m) are interspersed by a layer of lower Kr, in the middle of the tomogram. The dipping of those

layers is consistent with the architecture of the geological environment revealed by GPR and CPT surveys

in Figures IY .2 andlV.3. Kh values within each layer vary laterally and resulting vertical variations in K7,

values along well P2l are smoother than for well P17, as depicted by simulated profiles in Figure IV.8a.

The simulated K1 profile along well P17 also shows a similar trend as measured values from l5-cm

interval multilevel slug tests. The small peak in Kr, values around elevation ll5 m is reproduced by the

inversion and this layer, embedded in sediments of lower K1 values, seems to be discontinuous in space

because it does not appear in the profile of well P21.

Layering for KJK; is less obvious than for Kn arrd the spatial variation in KJKn values depicted in Figure

IV.8b is more heterogeneous. Nevertheless, the simulated K, profile along well Pl7 compares well with

Ku measurements from laboratory permeameter tests, as shown for the K" profile in Figure IV.8b. A direct

quantitative comparison between the two approaches is however difficult because of the discrepancy in

scale between numerical cells (61 cm in height by 4.23 m width) and soil samples (15 cm in height by 3.8

cm in radius). Conceptually, if we assume that the fine layering in sediment samples is continuous across

the larger inversion grid cells, inverted K, values should thus be close to the harmonic average of Ku

values measured on soil samples contained in each cell, according to the series flow principle for

perfectly layered media fFreeze and Cherry, 19791. On the other hand, if the fine layering in sediments,

in particular low-K layers that impede vertical flow, is discontinuous within larger inversion cells, the

resulting average Ku values over the cells will be higher than the harmonic average and will increase

following the scale of the layering according to general means for layered media lAbramowitz and

Stegun, 1972; Ouellon et a|., 2008].
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depicted is the estimated vertical profile of hydraulic parameters along wells P2l and P17 with K; values from 15-cm
multilevel slug tests and Ku values from laboratory permeameter tests on 15-cm soil samples along well P17.
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The tomogram and profiles for S" in Figure IV.8c show a general decrease in S" values with depth with

relatively similar profiles along wells P2l and Pl7. There are no measured S" values to compare with, but

the simulated vertical trend can be related to an increase of the overburden load with depth. Conceptually,

a heavier overburden load would reduce the elastic property of sediments and then their specific storage

capacily. A similar behavior was observedby Liu et al. [2007] for sandbox experiments.

Figures IV.9a-c present dimensionless covariance values for Kn, KJKn and ,S" estimates depicted in

Figures IV.8a-c, respectively, at corresponding cell location. Dimensionless covariance is evaluated using

the root-mean squAre of the diagonal elements of the covariance matrix, which is approximated from the

Jacobian matrix for the final parameters of the inversion. The dimensionless variances represent the

uncertainties relative to the estimated parameter values. Dimensionless variances are scaled by the

parameter estimates themselves and thus are not influenced by the differing magnitudes of the estimates

fBohling and Butler, 2001], which facilitate the comparison between different hydraulic properties.

Overall, the uncertainty estimates are fairly comparable with Kr,, KJKn or S" within the region of

investigation, except for K1, cells near the stressed well. Dimensionless variances for K1, are indeed lower

for those cells, indicating that there is greater confidence in the estimate of Kr, in that region. This is due

to the much higher sensitivity of stressed interval responses to K5 variations for cells near the stressed

well, as demonstrated by Paradis et al. [20141. Moreover, examination of dimensionless covariance

patterns in Figure IV.9a-c does not reveal any correlation with coverage density of tomographic slug tests

(Figure IV.5), especially for the zone in the middle of the grid where the density is lower.

In summary, results of the inversion of the tomographic experiment t2bl7 show good agreement with

observed data (e.g., heads, Kl and K data) and the littoral depositional environment (e.g., lateral trend in

K,1,, strong K anisotropy and decreasing ,S" with depth). Although geophysical surveys (Figures IV.2 and

IV.3) suggested a distinct vertical layering across the study area, estimates from tomography showed that

hydraulic property variations within each geophysical-based layer are heterogeneous, which suggests

complex relationships between sediments, geophysical signal and corresponding hydraulic properties.

The resulting heterogeneity in hydraulic properties within the region of investigation can thus be

considered representative of actual site conditions even using a coarse discretization ofthe aquifer. In the

next section, to further strengthen this assessment, tomograms of hydraulic properties are further tested

against independent hydraulic tests that have not been used in the previous inverse analysis.
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Figure IV.9 Spatial distributions of the logarithm of dimensionless variance from the inversion of tomographic
experiment t2lrl1 lor: (a) horizontal hydraulic conductivity (fi); (b) hydraulic conductivity anisotropy (K/Kù; and (c)
specific storage (S").

6 VerifTcation of tomography results

A relatively coarse parameter grid discretization was used to minimize over-parameterization and

simulated heads and hydraulic properties appear reasonable estimates of actual field conditions based on
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available information. However, this does not mean that the estimated parameters can be accepted as

accurate. In order to gain greater confidence in the representative nature of properties provided by the

inverse analysis, a verification analysis is done using simulated K5, KJKn and,S, tomograms obtained

from the inversion with hydraulic tests not used in the inversion. Two different types of hydraulic tests

are used for the verification: (l) one inter-well interference slug test between wells P2l and Pl7 (Section

3.4); and (2) nine vertical interference slug tests done along stressed well P21 (Section 3.3). The former

test, carried out over the entire well screen length, assesses the representative nature ofsimulated average

hydraulic properties over the entire region of investigation, whereas the later tests assess parameter

estimates, in particular K anisotropy, along discrete vertical intervals along the stressed well. While those

tests could have been integrated in the inverse analysis to further constrain parameter inversion, they are

used here as verification tools. Hence, head responses for the various verification tests are simulated with

the lr2dinv model in forward mode using simulated Kn, KJK; and S, tomograms obtained from the

previous inverse analysis described in Section 5 as aquifer properties. To assess the performance of the

simulations, predicted head responses are compared to head observations and the error in parameter

estimates in the inversion is inferred by matching predicted and observed head responses using an

equivalent homogeneous and anisotropic analytical model.

6.1 Parameters verification with an inter-well interference slug test

Figure IV.l0 shows the predicted head response for the inter-well interference slug test carried out using

well P2l as the stressed well and well Pl7 as the observation well. For this test, the entire screen section

of the two wells was used either as stressed or observation intervals, as described in Section 3.4, so the

global behavior of the aquifer under a head perturbation can be assessed. As seen in Figure IV.10, the

predicted head responses for both stressed and observation wells are fairly close to observations. More

specifically, the predicted stressed and observation well responses are both slightly ahead of the observed

responses and predicted head amplitudes at the observation well are a little underestimated.

Consequently, r and rn values are 0.99 and 0.93 for the stressed well, and 0.92 and 0.74 for the

observation well, respectively, as presented in Table IV.3.

In order to quantify the error in hydraulic property estimates computed in the inversion, a type-curve

matching procedure is used, assuming an equivalent homogeneous and anisotropic aquifer. The semi-

analytical KGS model fButler, 1995; Hyder et al., 1994; Liu and Butler, 19951 is used here for this

exercise. The test analysis procedure for the inter-well test involves the simultaneous match of both
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stressed and observation well responses for the observed

responses. For each hydraulic property, the difference in

predicted responses is then used to make an estimation

parameter estimate for logK1,, is given by:

heads, first, and then for the predicted head

parameter values for matched observed and

of the error for this property. The error in

E _ 100(logKi,u' -logKl'"0)
L t o s K h - @

(10)

and similarly forlogKJKl and log^S,. A negative value of the error indicates an underestimation of the

parameter, and an overestimation for a positive value.

Results of this analysis presented in Table IV.3 for the inter-well test reveal that the error in logKy, and

logS" estimates obtained from the inversion are 5%ô and l%o, respectively, which indicates that average K6

and S" values for the tested aquifer are fairly well estimated by the inversion. We note also that average

KJKI value cannot be estimated by the inter-well test because wells are screened over almost all the

aquifer and thus the induced flow is predominantly horizontal.

T21 to t17'. tx

observed
n u
o r x

predicted
- lr2dinv

l2'l to r17: tx and rx

1 0 1 't02 101 102
Time (sec) ïime (sec)

Figure IV.l0 Observed (symbols) and predicted (red curves) head responses for the inter-well interference slug test used
for the verilication ofhydraulic properties derived from tomographic experimentt2lrl7. Graph (a) shows the stressed
well response (black squares) alone, whereas graph (b) illustrates both stressed (black squares) and observation (black
circles) well responses for a zoomed view on the observation well response.
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Tabte IV.3 Summary statistics between simulated and observed heads and hydraulic parameter error for each validation test used for the verification of the inverse

analysisoftomographicexperimentt2|r|7:. . t ' ' isthecoeff icientofcorrelat ion,.. , l , ' istheslopeofthel inearregressi
that statistics for stressed interval responses of vertical interference slug tests are identical to those shown in Table IV.2 for corresponding tests because the same
stressed interval was used for both tomographic and vertical interference slug tests.

IIead
Parameter error (7o)

Stressed interval Observation interval
Validation test

RMSE

(m loÂ)

RMSE

(m I Vo)
loq.d^ logKJKt logS"

Inter-wells interference slug test

Al |or17 0.99 0.93 0.063 /2 0.92 0.74 0.003 / l0

Vertical interference slug tests

t2l-236 to 12l-358

41297 to r2l-419

t2l-358 to 12l-480

t2l-419 to r2l-541a

t2l-480 to 12l-602

Al54la to 12l-663

t2L602 to r2l-724

t2l-663 to r2l-785

t2l-724 to 12l-845

0.99

0.99

0.98

0.99

0.99

0.99

0.99

0.99

0.99

0.93

0.94

0.94

1 . 1 0

1.03

1.06

0.95

0.90

0.93

0.318 /  8

0.207 l5

0.219 t5

0 .365 /9

0 .078 /2

0 .173 /4

0.132 /3

0 .2101 5

0.269 t6

0.90

0.64

0.64

0.85

0.77

0.98

0.30

0.76

0.99

0.47

0.65

0.87

0.93

1.80

0.56

0.53

0.57

0.008 / 5l

0.002 120

0.022 t20

0.027 / t4

0.017 /26

0.007 / 30

0.037 /43

0.020 t28

0.087 / 38

-9

2

I

6

- l

I

6

-4

",

2

-5

2 l

- J

-23

-29

-17

-14

- J J

-35

-81

7

8

l

)

10

l 0

20

All vertical tests 0.99 0.97 0.252
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6.2 Parameters verification with vertical interference slug tests

While an inter-well test provides an appreciation of the global behavior of the aquifer under stress,

vertical interference slug tests can indicate how heterogeneity in Kn, KJKn and,S" are well estimated by

the inverse analysis at specific locations into the aquifer. Figure IV.ll shows the predicted observation

interval response for each of the nine vertical interference slug tests carried out along well P2l. We note

that stressed interval responses are not shown in Figure IV. 11 but they are identical to the responses

presented in Figure IV.8. In fact, the stressed interval responses are the same for both vertical interference

and tomographic slug tests because they were already used in the inverse analysis of tomographic data.

Only observation interval responses of vertical interference tests were not used in the inversion. Although

visual inspection of individual test depicted in Figure IV.1 I reveals that predicted heads for some tests

moderately depart from observations, the overall r and m statistics for all tests are relatively good with

values of 0.91 and 0.66, respectively (Table IV.3). Moreover, vertical interference tests are very sensitive

and a small modification in hydraulic properties generally results in a large change in the amplitude and

arrival time of the head response in the observation interval lParadis and Lefebvre,20l3l. Indeed, errors

in parameter estimates presented in Table IV.3 for each vertical interference test are below 6%o,35o/o and

l0%o for logK6logKJKn and log,S", respectively, except for the last test (t2l-724 to 12l-845) that shows

larger errors.

It should be noted that the error estimation procedure for vertical tests was slightly modified relative to

the procedure used for the inter-well test. In fact, in heterogeneous profiles it is not possible to match both

stressed and observation intervals assuming homogeneous and anisotropic conditions, and both KJKn and

^9' variations have similar influence on the observation interval response fParadis and Lefebvre,20l3l.

Thus, in order to evaluate error in parameter estimates for vertical tests measured observation interval

response were first matched, then the predicted responses were obtained by varying Kn and ̂ S, while

holding KJKn the same to estimate K6 and S". The same procedure was repeated by varying Kn and KJK;

while holding S, constant to estimate K6 and. KJK;. The resulting estimates of errors are obviously gross

approximations and errors reported in Table IV.3 for KJKn and.l" are then expected to be overestimated.

Overall, the differences between observed and predicted head responses from vertical interference slug

tests result in fairly small error in K6 KJK1, and ̂ S" estimates.
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Figure IV.ll Observed (symbols) and predicted (red curves) head responses for vertical interference slug tests [Paradis
and Lefebvre,20lSl used for the verification of tomographic experiment t2lrl7. Stressed interval responses are not
shown for those tests but they are identical to head responses depicted in Figure IV.7 for corresponding tests.

Conclusions

The main objective of this study was to assess the performance of a transient analysis of tomographic slug

test data in estimating heterogeneity in K6 K,lKp and S" in real field conditions. To achieve this goal,

results of the inversion of a tomographic experiment performed in moderately heterogeneous and highly

anisotropic silt and sand littoral aquifer were compared to estimates obtained using other hydraulic tests

at the same site. The simulation of independent large-scale and single-well hydraulic tests not used in the

121-541ato r21-663

t21-663 lo t21-785

233



inversion tested the representativity of the estimates. According to the results, the main findings of this

studv can be summarized as follows.

o Simulated heads were obtained from the simultaneous inversion of the transient head responses

recorded into multiple stressed and observation intervals with a two-dimensional radial finite

difference flow model considering K6, K,lK6,.S" and wellbore storage effects. These simulated heads

closely match observations.

o The Kn and K estimates obtained from tomography compare well with those of high-resolution

multilevel slug tests and laboratory permeameter tests on small soil samples, despite the difficulty to

compare Ku values from each method due to scale disparity. The structure of the heterogeneity in K1,

(dipping and lateral variations) is also coherent with the architecture of the geological environment

revealed by geophysical surveys. Moreover, estimates of S, from tomographic slug tests exhibit

physically plausible vertically decreasing S" profiles.

o Kh, K,lK6 and S" models estimated from the inverse analysis of tomographic data are used to compute

the predicted transient head responses from the simulation of an inter-well interference slug test and

nine vertical interference slug tests, which are shown to be in close agreement with field

observations. That is, global and local aquifer dynamics are thus adequately represented by inverted

K6 K,lK1, and ,S" tomograms, which is critical for a good understanding of flow and transport in

aquifers. This demonstrates the robustness of the tomographic slug tests approach.

In addition, in this study we used a flow simulation model that assumes radial symmetry to investigate

both vertical and lateral hydraulic property variations in the plane encompassing the stressed and

observation wells. A radially symmetric model should provide a reasonable estimate of flow behavior in

this plane as long as lateral variations in the hydraulic properties do not induce significant angular

variations in flux toward the well, in which case the narrow angular wedge encompassing the investigated

plane can be treated in isolation as a two-dimensional radial-vertical problem bounded by zero-flux

boundaries in the angular direction fBohling, 20091. That is, considering the heterogeneous nature of the

study site, the use of a radially symmetric model could be questioned. However, considering the results of

the verification analysis, it is suggested that the hydraulic behavior of the tested aquifer is reasonably well
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represented by a radial-flow model. Both small head variations recorded in observation intervals and

strongly focused flux near stressed intervals may explain why the present inverse analysis seems to be not

affected by significant angular variations in flux (see Paradis et a1.,2014).

Furthermore, the fact that the inversion scheme supports anisotropy provides greater confidence in the

estimated model parameters and may explain the success of the verification process. Considering the very

small-scale (<15 cm) heterogeneity of the study site, it would have been practically impossible to design a

tomographic experiment that satisfies the assumption of isotropy at the scale of the grid cells used for the

inverse analysis. For that case, the problem of non-uniqueness in parameter estimates would have been

obviously amplified because of the oversimplification of the anisotropic problem into an isotropic one.

Thus, by considering K anisotropy, the inversion provides more flexibility in the design of the freld

survey. Even if the results of the inverse analysis reveal no anisotropy, we believe that greater confidence

in the parameter estimates is gained by considering anisotropy.

Finally, this study demonstrated that a transient analysis of tomographic slug test data was able-to capture

the key features of the study aquifer, namely K6 KJK; and S" heterogeneities, on a scale relevant for

groundwater flow and contaminant transport investigations. Future work will focus on the integration of

additional wells in the inverse analysis, in particular reciprocal tests between pair of stressed and

observation wells, to increase the effective spatial resolution of hydraulic properties, as shown by Paradis

et al.12014). A three-dimensional observation interval network would also have to be considered for a

more accurate representation of aquifer heterogeneities, as already implemented by Berg and lllman

t20l1l and Cardiff et al. [2012] with tomographic pumping tests to image the spatial distribution of Kr,.
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ARTICLE V

PREDICTING HYDROFACIES AND HYDRAULIC
CONDUCTIVITY FROM DIRECT.PUSH DATA USING A DATA.

DRIVEN RELEVANCE VECTOR MACHINE APPROACH:
MOTIVATIONS, ALGORITHMS AND APPLICATION
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Résumé
L'hétérogénéité de la conductivité hydraulique (K) exerce un contrôle important sur l'écoulement de l'eau
souterraine et le transport des contaminants. La distribution spatiale de K peut être représentée par des
mesures géophysiques indirectes en utilisant des relations empiriques ou statistiques liant les mesures
géophysiques et K. Cet article présente une approche non paramétrique par machines d'apprentissage
RYM (relevance vector machine) pour prédire K à partir de sondages au piézocône (CPT) couplés avec
une sonde de teneur en eau et de résistivité électrique du sol (SMR). L'approche par machine
d'apprentissage est démontrée par une application dans un aquifère granulaire hétérogène couvrant un
sous-bassin versant de 12km'. Avec les données de la région d'étude, les méthodes conventionnelles de
régression ne permettent pas de prédire K de manière satisfaisante à cause de la très forte non linéarité des
relations liant K et les paramètres CPT/SMR. L'approche proposée nécessite d'abord l'application d'un
algorithme de groupage flou (fuzzy clustering) pour définir les hydrofacies (HF) sur la base des données
CPT/SMR et de K, pour ensuite appliquer des machines d'apprentissage RVM pour la classification des
HF et la prédiction de K pour chacun des HF sur la base des données CPT/SMR seulement. La machine
d'apprentissage a été développée à partir d'un ensemble de données d'entrainement colocalisées de K
mesures par des essais de perméabilité à choc hydraulique et des mesures CPT/SMR mise à une échelle
verticale commune de 15 cm. Après l'entrainement, la machine d'apprentissage a été testée à l'aveugle en
utilisant des données non utilisées lors du processus d'entrainement. Les résultats montrent que la
reconnaissance des HF et la prédiction de K avec la machine d'apprentissage sont cohérents avec les
observations. L'utilisation combinée de données CPT/SMR et de machines d'apprentissage RVM s'avère
donc une approche robuste et efficace, qui pourrait être généralisable pour la caractérisation des aquifères
granulaire en général.
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Abstract
The heterogeneity of hydraulic conductivity (1Ç exerts a major control on groundwater flow and solute
transport. The heterogeneous spatial distribution of K can be imaged through indirect geophysical
measurements using empirical or statistical relations between indirect geophysical data and K. This paper
presents a non-parametric learning machine approach to predict aquifer K from cone penetrometer tests
(CPT) coupled with a soil moisture and resistivity probe (SMR) using relevance vector machines
(RVMs). The learning machine approaclr is demonstrated with an application to a heterogeneous
unconsolidated littoral aquifer in al2 km' sub-watershed. In that study area, conventional regression
methods could not successfully predict K due to strong nonlinearity in relations between K and CPTiSMR
parameters. Our approach involved fuzzy clustering to define hydrofacies (HF) on the basis of CPT/SMR
and K data prior to the use of RVM for HF classification and K prediction for each HF on the basis of
CPT-SMR data. The learning machine was built from a colocated training data set of K measurements
from slug tests in wells and CPT/SMR data up-scaled at a common vertical resolution of 15 cm. After
training, the learning machine was blind tested using data that was withheld from the training process.
Results show that HF recognition and K predictions from the learning machine are consistent with
observations. The combined use of CPT/SMR data and RVM-based learning machine proved to be
powerful and efficient and it appears as a generally applicable approach for K heterogeneity
charucterization for unc ons o I idate d aqui fers.

Keywords: Aquifer Characterization, Hydrogeophysics, Heterogeneity, Hydraulic conductivity, Direct-
push, Relevance vector machine
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1 Introduction

Knowing the heterogeneous spatial distribution of hydraulic conductivity (tr] in aquifers is a prerequisite

to tackle groundwater flow and transport problems. Indeed, since K may vary over several orders of

magnitude and impacts both the magnitude and direction of advective transport, the primary focus of

aquifer characterization is generally on the measurement of K fKoltermann and Gorelick, 19961. Aquifer

K is mostly measured using hydraulic tests carried out in wells (e.g., slug tests, pumping tests). Although

such tests are generally reliable sources of data about K, they are however costly and time consuming.

Such measurements are thus usually available only from a few wells and at a too low spatial resolution to

adequately define K heterogeneities at the scale needed for most practical groundwater flow and mass

transport studies fButler, 2005].

Due to these limitations of conventional hydraulic characterization, hydro-geophysics is increasingly

recognized as an effective alternative to better spatially distributes controls on hydraulic properties, which

requires the translation of indirect geophysical data into hydraulic properties fRubin and Hubbard,2005l.

The value of using geophysical data for hydrogeological characteization lies in the extensive spatial

coverage generally offered by geophysical methods, which may be helpful to provide spatial continuity in

K heterogeneities. Reliable predictions in K from geophysical data should however be based on sound

relations between hydraulic and geophysical data, which are usually subject to a large degree of

uncertainty under field conditions fChen et al., 2001]. The major problem with the integration of hydro-

geophysical data is non-uniqueness. Typical causes of non-uniqueness are the scale and the resolution

disparity between hydraulic and geophysical measurements and the uncertainty associated with freld data

acquisition and interpretation. Another fundamental aspect with non-uniqueness is the degree of

sensitivity between hydraulic and geophysical parameters, which for a particular geological material may

result in a fairly weak correlation. That problem is exacerbated under heterogeneous field conditions

where sensitivities may vary for different geological materials and thus preclude reliable estimations of

hydraulic properties from geophysical data. Thus, the overall motivation of this work is the need to

develop efficient and robust aquifer characterization and data analysis approaches that can provide more

information about K: higher number of control points, relatively fine vertical resolution, continuous

vertical profiles, based on repeatable physical measurements. Such larger high quality dataset are needed
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to define K heterogeneity using geostatistical interpolation schemes (estimation or simulation) in order to

develop more realistic numerical groundwater flow and solute transport models fAnderson, 19971.

This paper explores the potential of using cone penetrometer tests (CPT) coupled with a soil moisture and

resistivity probe (SMR) for estimating hydrofacies (HF) and K in unconsolidated aquifers. The paper is

focused on the assessment of the usefulness of CPT/SMR soundings for HF and K estimation and on the

integration of hydraulic and geophysical data through a learning machine approach based on relevance

vector machines (RVMs). CPT/SMR is a multi-parameter probe that simultaneously provides vertical

profiles of mechanical (tip stress, sleeve stress, pore pressure) and electrical (dielectric constant, bulk

electrical resistivity) parameters of sediments. Thus, due to the number of simultaneously measured

geophysical parameters and their similar volumes of investigation, CPT/SMR soundings have the

potential to reduce non-uniqueness between geophysical measurements and K. From a practical

viewpoint, the value of using CPT/SMR data for aquifer characterization lies in the vertical decimeter-

scale resolution offered by this direct-push technique (Lunne et al., 1997; Schulmeister et al., 2003),

which cannot be obtain by surface-based geophysical methods. Moreover, the relatively higher number of

continuous vertical profiles that can be obtain by direct-push soundings in comparison to wells or core-

based hydraulic tests allows the definition of aquifer heterogeneities over large investigation areas

(Lafuerza et aL.,2005; Paradis et a|.,2014). CPT soundings for geological applications have been mostly

used to deduce sediment texture from mechanical parameters [e.g., Robertson, 19901, Fellenius and

Eslami,2000]. Farrar 11996] also proposed a chart to evaluate K from sediment texture, but it only

provides order-of-magnitude K estimates and it does not make full use of electrical parameters provided

by the SMR probe.

Our objective is thus to develop a general approach to define site-specific relations to reliably predict K

from CPT/SMR data as an extension of the spatial coverage of conventional hydraulic testing. Hydraulic

testing is still needed to establish a relationship between K and CPT/SMR parameters, but it only needs to

cover the representative range of materials in a study area, not to extensively cover the area. Also, to

facilitate the spatial interpretation ofK heterogeneity over a study area and to allow a better integration

with geological depositional models, we also wish to use direct-push data to define hydrofacies (HF)

fe.g., Anderson, 7997; Koltermann and Gorelick, 1996;, Ouellon et a1.,2008; Paradis et a1.,20141. A HF

is a homogeneous unit that is hydrogeologically meaningful for the purposes of flow and transport

modeling f,Anderson, 1989] and it is defined here as a distinct unit in terms of K distribution. In this

paper, the definition of relations to predict HF and K from CPT/SMR data is made through a non-
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parametric learning machine approach because of the complex nonlinear relations that generally exist

between hydro-geophysical parameters [e.g., Mohaghegh et al., 1997; Lee and Datta-Gupta, 1999

Dubois et aL.,2007} Learning machines do not assume a rigid functional form, they rely on the available

data to build up a model of the system, and no a priori assumptions on parameter relations are made

fMitchell, 19971.

In this context, different models and architectures of artificial neural networks (ANNs) have been

commonly considered and applied successfully for the prediction of lithofacies lChen and Rubin,2003;

Dubois et a1.,20071or hydraulic parameters in petroleum reservoirs lMohaghegh et al.,1997; lI/ong et

al., 7998; Lee ond Datta-Gupta, 1999; Shokir et aL.,2006; Al-Anazi et a\.,2009; Elshafei and Hamada,

2009; Kharrat et aL.,2009] from cross-hole or borehole geophysics data. However, despite their potential

effectiveness, ANNs present some important drawbacks: (i) design and training often results in a

complex, time-consuming task, in which many parameters must be tuned; (ii) minimization of the

training effors can lead to poor generalization performance; and (iii) performance can be degraded when

working with small datasets.

A promising alternative to ANNs is the support vector machine (SVM), which was developed to solve

both the classification and the regression problems lVapnik, 1995; 19981. Rather than following the

empirical risk minimization of ANNs, where a function of the training effors is minimized, SVM follows

the structural risk minimization, by which an upper bound of generalization performance is maximized.

In addition, SVM can efficiently control model complexity through a regularization term, SVM can work

with high dimensional input spaces, and deal with sparse datasets. The main idea behind SVM is to

perform a linear regression in a high dimension feature space, through a kernel function, which returns a

nonlinear regression in the original input space. The SVM is a non-parametric, regularized and nonlinear

regression tool, which has yielded good results for the prediction of lithofacies, permeability and porosity

of petroleum reservoirs from borehole geophysics data and in alleviating the aforementioned problems of

ANNs lAl-Anazi and Gates, 2010a: 20 1Ob.l.

The rationale for selecting relevance vector machine (RVM) approaches for this study over ANNs and

SVM is that many studies have shown that RVM performs better than either ANNs or SVM in many

applications for accuracy and sparsity of the solution lKhalil et al., 2005; Camps-Valls et al., 2006;

Samui, 2007; Ghosh and Mujumdar, 2008]. A RVM is a Bayesian extension of the SVM to solve
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nonlinear classification and regression models. Along with its ability to produces relations with good

generalization capability with sparse and nonlinear data, which is typical in most geosciences

applications, RVM produces probabilistic outputs that capture uncertainty in the predictions. RVM is also

easier to apply since it has no regularization term needing to be adjustedfTipping,200ll.

The remainder of this paper is organized as follows. Section 2 describes the study area and the training

dataset used to develop classification and regression models. Section 3 outlines the learning machine

approach and provides a description of the main algorithms, which includes fuzzy clustering and RVMs

for classification and regression. Section 4 presents the application of the learning machine to the training

dataset to recognize HF and estimate K. Conclusions about the key findings of this study are listed in

Section 5.

2 Field characterization and training dataset

Since learning machines are based on empirical data, the collection of a representative training dataset for

a given study area is fundamental to establish meaningful relations between hydraulic and geophysical

parameters. Paradis et al. 12014] described the general data acquisition approach that was followed for

the characterizationof hydraulic properties of the study area, which includes the collection of the training

dataset used in this paper. Data acquisition followed a topdown approach in which the characterization

methods with larger spatial coverage were first applied, followed by more local methods. In particular,

the definition of a general hydrogeological conceptual model lTremblay et al., 20131through regional

geology, GPR surveys and CPT/SMR soundings allowed the targeting of specific locations for well

installations and K testing in order to cover the whole range of hydro-geophysical responses observed

over the study area. In this study, it is those K measurements with corresponding colocated CPT/SMR

data that compose the training dataset used to develop hydro-geophysical relations. In this section, we

thus describe the study area, provide a summary of the data acquisition process for CPT/SMR and K data,

and describe the hydro-geophysical training dataset.

2.1 Saint-Lambert studv area

The proposed methodology was developed and applied in relation with a study carried out in St-Lambert-

de-Lauzon, located 30 km south of Quebec City, Canada (Figures la-b). As illustrated in Figure lc, the
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study area encompasses a l2-km2 sub-watershed area surrounding a decommissioned sanitary landfill

where an assessment of the migration of a leachate plume was underway lTremblay et a1.,20731.

As reported by Bolduc [2003], the surficial sediments of the study area (Figure lc) consist primarily of

Late Quaternary sandy and silty sediments that were deposited in the receding Champlain Sea, which was

an ann of the Atlantic Ocean that had invaded the St.Lawrence Valley at the time of the last deglaciation.

More specifically, deposition at the St-Lambert site was controlled mainly by longshore currents that

redeposited in littoral and sublittoral settings the sediments supplied to the Chaudière River paleodelta.

This is indicated in Figure lc by the southwestward fining of the littoral sediments in conjunction with

the southwest-northeast trend of the beach ridges lLamarche and Tremblay,2012). These ridges and the

associated nearshore bars are mostly composed of medium to fine sand while the intervening troughs

composed of finer, silty sediments.

Sediment size for the aquifer ranges from fine sand to very fine silt (clayey silt) with poor to very poor

grain-size sorting. Rapid transitions in sediments size and sorting caused by rapidly varying depositional

energy are also generally observed in surface exposures. The resulting superposition of sand and silt

layers may then create semi-confined aquifer conditions due to their respective K contrast. Lateral

intrastratal transitions in these littoral and sublittoral sediments are expected as a result of changing

energy levels along Champlain Sea shorelines. A till layer that varies in depth from surface outcrop to 22

m is present and its low permeability generally limits water exchanges between the Quaternary sediments

and the underlying regional fractured sedimentary rock aquifer. The water table is shallow, being found I

to 2 m below ground surface.
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Figure V.l General location of the St-Lambert study areâ (â-b), with the Quaternary sediments map (c) for the sub-

\ùatershed surrounding the decommissioned sanitary landfill showing the locations of direct-push soundings and

observation wells used for aquifer characterizâtion. The mâin depositional direction of sediments making up the granular

aquifer is assumed to have been oblique to the orientation ofthe paleo-shore in a littoral environment. The Quaternary
map was modilied lrom Lamarche and Tremblay (2012).
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2.2 Geophysical measurements from CPT/SMR soundings

According to the regional surficial sediments geology and GPR surveys, the location of 53 CPT/SMR

soundings were selected (Figure lc) to provide further geological interpretation and to acquire

mechanical and electrical properties of sediments to establish relations with hydraulic measurements

I,Paradis et aI.,20141. Direct-push soundings were carried out using a Geotech 605-D rig equipped with a

CPT system including pore pressure measurement combined with a SMR probe. CPT and SMR probes

allow the simultaneous measurement of three mechanical and two electrical properties of sediments,

respectively, at vertical resolutions that range from 3 to 17 cm (Table l). A 15-cm2 penetrometer cone

with a 60o conical tip was used according to ASTM D3441standards lASTM,2000l. The penetrometer is

advanced vertically into the soil at a constant rate of 2 cmls, though this rate must be reduced when

compact layers are met. Inside the probe, two load cells independently measure the vertical stress against

the conical tip and the side friction along the sleeve lLunne et al.,19971. The vertical resolution of the tip

stress (7) and sleeve stress (^T) with the CPT probe are 4 cm and 17 cm, respectively. A pressure

transducer in the cone is also used to measure the pore water pressure as the probe is pushed into the

ground. Pore pressure is an indicator of the presence of clay and was used to correct T data. However, the

pore pressure measured by the CPT tool was not used for this study as it is hard to quantitatively relate to

hydraulic properties; this parameter is thus not further discussed in this paper. The SMR probe is

composed offour electrodes that are connected directly behind the penetrometer fshinn et at., l998l.The

inner two rings are used to measure soil capacitance and the spacing between the two rings is 3 cm. The

soil moisture probe operates at 100 MHz, thereby reducing the effects of the electrical conductivity of the

soil on the measured dielectric constant. The instrument measures shifts in the resonance frequency signal

as it passes through the soil that may be related empirically to soil moisture content or the dielectric

constant (D). The bulk electrical resistivity (R) measurement employs the outer two rings of the SMR

probe, that are spaced 9 cm apart, to apply the current and to measure the voltage drop (pole-pole

configuration). The probe operates at a frequency of 1000 Hz to avoid soil polarization effects.
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Table V.l Originat and transformed vertical resolutions and vertical support of measurements for direct-push

parameters and hydraulic conductivity.

Original Transformed

Parameter Symbol Vertical
resolution

(cm)

Support Vertical Support
resoluuon

(cm) (cm) (cm)

Geophysical parameters (CPT/SMR)

Mechanical resistance - Tip stress

Mechanical friction - Sleeve stress

Dielectric constant

Bulk DC electrical resistivitv

l 6

t 7

15

l 5

t 7

D

2.6 +/- 3.6

2.6 +l- 3.6

2.6 +l- 3.6

2.6 +l- 3.6

Hydraulic parameter

Hydraulic conductivity

2.3 Direct-push well installation for colocated hydraulic and geophysical data

Based on CPT/SMR data obtained in real-time during sounding operations, 25 of the 53 direct-push

soundings were converted into observation wells to carry out hydraulic tests (Figure lc). Each

observation well was installed into the same hole created by the sounding to obtain colocated hydraulic

and direct-push data and thus reduce uncertainty in data analysis related to disparity in interval

measurements. Each observation well was also installed immediately following the CPT/SMR sounding

with the same direct-push rig (Geotech 605D) to reduce mobilization operation of the rig. The

observation wells were installed using the protected screen installation procedure IASTM, 2004], as

described by Paradis et al.l20l4l. This direct-push well installation procedure does not require the use of

a sand-pack and the observation well screen is in direct contact with sediments, which is more suitable for

hydraulic tests carried out over small intervals because it reduces skin effects on test data. Observation

wells that are fully screened across the saturated zone were also installed to provide continuous profiles

of K using multilevel slug tests. Screen length for all wells varied between 4.57 to 16.76 m. Direct-push

wells were also thoroughly developed after their installation to unclog screens and surrounding sediments

related to well installation operations lButler, 1998; Henebry and Robbins,2000]. Each well was then

l 5t 515t5K
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developed using a pumping-surging operation at 0.5-m intervals until turbidity was no longer observed in

the discharged water lParadis et al.,20lll.

2.4 Hydraulic conductivity measurement from multilevel slug tests

K values used to establish relations with CPT/SMR data were obtained by multilevel slug tests in 8 of the

fully screened direct-push wells. A multilevel slug test involves the use of packers to isolate a screened

interval of a well to conduct a slug test lsellwood et al., 2005; Zemansky and McElwee,2005; Ross and

McElwee,2007l. Slug tests were performed using a pneumatic method to induce an initial lowering of the

water level lLevy and Pannell, l99l] and hydraulic responses were interpreted using the Bouwer and

Rice ll976l method. A more detailed description of the test assembly, field and test analysis procedure is

provided by Paradis et al. f20ll]. Multilevel slug tests were made over l5-cm vertical intervals to reduce

uncertainty related to scale disparity between hydraulic and direct-push data. A total of 280 intervals were

tested and selected according to the range and occurrence of CPT/SMR responses. As depicted in Figure

2, the intervals with available K data in these 280 tests cover quite well the ranges of mechanical (7and

^! and electrical (R and D) measurements of the cPT/sMR in the studv area.

logD (-)

Figure V.2 Distribution ofthe training data set relative to the rânge of(a) mechanical: sleeve (^f) and tip (Z) stresses; and
(b) electrical: dielectric constant (D) and resistivity (À) responses for the 16 direct-push soundings. A direct-push interval
measurement of the training data set corresponds to a colocated measurement of hydraulic conductivity (r!. Direct push
measurements were transformed as summarized in Table V.l so that their vertical resolution matches the one of ff
measurements. The number ofsuch colocated hydro-geophysical measurements is 280. Parameter symbols are defined in
Table V.l.
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2.5 Data resampling and rescaling

Statistical techniques require that the different variables are measured at the same scale and on the same

volume. However, this is not the case with CPT/SMR data where measurements are taken at a regular

time interval but at a rate of penetration that is not necessarily constant. Therefore CPT/SMR data need to

be interpolated on a regularly spaced grid from values measured at irregular intervals (Table 1). To

accomplish this, we used a trapezoidal integration, a technique that considers all observations within an

interval to estimate a single point. All observations on the irregular grid are first joined by a straight line

and the value at the estimated point on the regular grid is calculated by summing the area under the

original curve over the desired interval length fDavis, 19731. CPT/SMR data were then resampled on a

regular grid of 2 cm, a vertical resolution close to the original resolution and convenient to deal with a

variety of measurement scales.

In addition, the vertical support of measurement for the different hydraulic and geophysical parameters

are not identical (Table 1). In order to properly compare all measurements (I, S, R, D and K), the

variations in their support need to be taken into account llsaaks and Srivostava, 19891. Hence, all the

parameters with the smaller support were upscaled to the scale of the parameter with the larger support.

Specifically, all CPT/SMR geophysical parameters were rescaled with a moving average to the same l5-

cm interval that corresponds to the same K intervals over which hydraulic testing was carried out.

Consequently, all hydro-geophysical measurements represent approximately the same vertical support of

measurement.

2.6 Descriptive statistics of the hydro-geophysical training dataset

Since we are interested in defining relationships between K and CPT/SMR data, descriptive statistics

presented here are for geophysical data available in the same intervals where K measurements are

available, which together form the hydro-geophysical training dataset. Statistics for the hydro-

geophysical training dataset are presented in Table 2 and histograms for each parameter are depicted in

Figure 3. Since the range in parameter values for most parameter vary over a few orders of magnitude, a

logarithmic transform was applied to make their distribution closer to a Gaussian distribution. Even

though, histograms of the logarithm of geophysical parameter are all slightly asymmetric: negatively

skewed for mechanical parameters (log,S and logQ and positively skewed for electrical parameters (logD

and logR). The distribution for logK is rather symmetrical and uniform (not normally distributed), which

253



suggests weak correlations with direct-push parameters that have different distributions, as indeed

depicted by the scatter plots in Figure 3 and the correlation matrix shown in Table 3.

The correlation matrix in Table 3 shows no or low correlations between geophysical parameters together

except for logS and logl where the correlation is relatively high (r:0.70) and may indicate redundancy in

those two parameters. The correlations between logK and geophysical parameters are generally

significant but very low, except with logS where the correlation is almost null. This indicates that the

relations between K and direct-push parameters are not strait-forward because of the weak or non-linear

relationships among the parameters that could exist. Standard-deviation for log( is also at least twice the

standard-deviation of geophysical parameters (even an order of magnitude greater with respect to logD),

which suggests that K may be more sensitive to changes in sediment types than any direct-push

parameter. Thus, the establishment of hydro-geophysical relations to predict K from direct-push data

appears inherently difficult because ofthe nonlinearity in the hydro-geophysical data. In the next section,

we describe the learning machine approach to handle this challenge.

Table V.2 Descriptive statistics for the distribution of measured values for direct-push parameters and hydraulic
conductivity in the study area where they are both available. Parameter symbols are defined in Table V.1. The number of
direct push measurements are for transformed values (Table V.1).

Standard
ParameterNumber Mean Median MinimumMaximum Ranqe Skewness Kurtosis- 

Deviation

logJ 280 1.74

logT 280 3.94

logD 280 1.39

1 .76  0 .15  2 .51 2.36 0.31

280 2.16

280 -5.04

4.00 2.41

1.39  1 .24

2 . 1 6  t . 6 l

-5.05 -6.24

2.01 0.29

0.29 0.06

r.47 0.25

2.32 0.57

4.42

1 . 5 3

3.08

-3.92

-0.96

-r.44

0.36

1.09

0.09

2.94

3.63

0.85

3.25

-1 .10

logR

logK
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Table V.3 Correlation matrix showing the values of the correlation coeflicient (r) for direct-push parâmeters and
hydraulic conductivity. Parameter symbols are delined in Table V.1.

Parameter logS logT logD logR logK

logS 1.00

logT 0.70 1.00

roù -0.02 0.16 1.00

logR 0.06 0.40 0.21 l.00

logK -0.02 0.29 0.33 0.52 1.00
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Figure V.3 Matrix scatter-plots with histograms for hydraulic conductivity (rf) and CPT/SMR parameters (JI sleeve
stress; T: tip stress; 2 dielectric constant; Æ electrical resistivity) for the hydro-geophysical training data set. The total

number of colocated intervals is 280.
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3 Outline of the learning machine approach

In this paper, the definition of relations to predict HF and K from CPT/SMR data is made through the

training of a learning machine. This training is a three-step procedure, as propose d by Lee and Datta-

Gupta [l999] for permeability prediction in complex petroleum reservoirs from borehole geophysics logs.

This approach uses classification (unsupervised and supervised) and regression (supervised) algorithms

that are applied with the training dataset to build good predictors for HF and K, as schematically

illustrated in Figure 4. The first step in the training process is the definition of homogeneous groups using

unsupervised luzzy clustering with K and direct-push data of the training dataset. Thereafter those groups

are referred to as hydrofacies (HF). Clustering involves the grouping of observations in such a way that

observations in the same group (cluster) are more similar to each other than to those in other groups. The

main rationale behind using clustering for this study is that various geological materials may have

different hydro-geophysical behaviors and clustering allows the grouping of similar hydro-geophysical

characteristics without any prior geological knowledge. This grouping can thus contribute to alleviate

weak correlations among hydro-geophysical parameters and thus provide more accurate regression

equations between K and direct-push data. The integration of K measurement in the clustering process is

also helpful to define HFs that are hydrogeologically meaningful. Since clustering is only a tool

applicable to make associations among datasets but cannot be used as a predictive tool, a RVM for

classification is trained to recognize each HF (HF models) based on CPT/SMR responses, as defined by

clustering. Finally, we develop a specific relation befween K and direct-push (HG relation) data for each

HF using RVMs for regression. Note that HF models and HG relations are defined independently (in

parallel) using the same training dataset. The learning machine also includes a feedback path where the

outputs obtained at any stage of the process can be reconsidered in a previous stage. Once the learning

machine is optimally trained, the sequential predictive procedure illustrated in Figure 5 requires that for

each set of new direct-push measurements (i.e., where no hydraulic tests have been carried out) HF is first

identified using HF models, and then the associated hydro-geophysical relation is used to predict K. The

remainder of this section presents the general algorithms used by the learning machine that involves fuzzy

clustering and RVM for both regression and classification.
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direct-push
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Figure V.4 General stages for the training of the learning machine to deline hydrofacies (HF) models and hydro-

geophysical relations from the hydro-geophysical training data set. RVM stands for relevance vector machine.

Abbreviations: clacs. (classification), reg. (regression). Parameter symbols are delined in Table V.1. Note that HF models

and HG relations are defined independently (in parallel).
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Figure V.5 General stages for the prediction of hydrofacies (HF) ctass and hydraulic conductivity (f) velue from unseen
direct-push data using the trained learning machine. Thls sequence is also uced for testing the learning machine during
the training phase. Parameter symbols are delined in Table V.1. Note that HF recognition and K predlction are carried
out sequentially.
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3.1 Fuzzy c-mean and Gustafson-Kessel clustering

The first computational stage for the training of the learning machine is to detect the underlying structure

in the training dataset, upon which the leaming machine is built on, in order to find associations among K

measurements and the various direct-push data (<HF definitiou in Figure 4). There are many clustering

methods available, and it is well known that the validity of the final clusters depends upon the method

used to cluster the observations. Clustering methods can be classified according to whether the clusters

are finzy (soft) or crisp (hard). Hard clustering means partitioning the data into specified mutually

exclusive clusters whereas fuzzy clustering allows the observations to belong to several clusters

simultaneously with different degrees of membership. Fuzzy representation is more natural than hard

representation for hydro-geophysical datasets because the non-unique relationships that generally exist

between hydraulic and geophysical parameters often result in overlapping HF.

The widely used fuzzy c-means (FCM) algorithm is here presented to illustrate the fazzy clustering

process used in this study. The FCM algorithm fDunn, 1973; Bezdek, l98ll aims to find fuzzy

partitioning of a given training set, by minimizing of the basic c-means objective function:

r(x;u,v) =LLpiio?^
i=l k=l

where X=|,**l is a Nxn data matrix which contains N colocated observation intervals or simply

observations, each havingn parameters that correspond to K and direct-push parameters. U =[/r*] ir u

N x c fuzzy partition matrix with c clusters, and represents cluster partial memberships of each

observation xo in X. Ftrzzy partition allows l-rr, to have real values in [0,t] . s=(1,*) is the fuzziness

weighting exponent, which determines the fuzziness of the resulting clusters. V=[r.] is a vector of

cluster centers, which have to be determined. Dz^=llro- r,llo=(ro-r,)' A(*o-v,) is a squared

inner-product distance norm, which is a dissimilarity measure between the observations xo and the

centers v, ofeach cluster.

( l )
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The FCM algorithm uses the standard Euclidean distance norm with a cornmon norm inducing matrix A

for each cluster. The nX n norm inducing matrix A is a diagonal matrix that accounts for the variance

of each parameter n. Hence the FCM algorithm induces hyperspherical clusters and can induce clusters

with the same shape and orientation.

For a predefined number of clusters, the minimization of Eq. (l) that is carried out with the partition

matrix and the centers identifies the structure in X. The generic optimization scheme involves a sequence

of iterations, in which the values of the partition matrix is successively updated:

IIi* = , l 3 i 1c ,  l < f t <N (2)

2(D,^lD'^1zt<nt)
j=l

and the centers:

N

2Pï*r
v i=T - ,  I l i < - c

ZPî;
&=l

This iterative process ends when the difference between the fuzzy partition matrices in the following

iterations is lower than a maximum termination tolerance value.

Other algorithms allow the definition of clusters having variable shapes or density. For instance,

Gustafson and Kessel U9791extended the standard FCM algorithm by employing an adaptive distance

norm to detect clusters of different geometrical shapes. In this approach, each cluster has its own nonn-

inducing matrix Aiand Ol^ inEq. (1) is replaced by

t*+ =ll* o - r,lf^ = (, o -, )' 4 (* o - r,),

which is the squared inner-product distance norm for the Gustafson and Kessel (GK) algorithm, wherein

(3)
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A,=lp,a"t(4)]" '4- '

where p, is the norm of l;. This distance norm is known as the squared Mahalanobis distance. The

matrices A;arethen used as optimization variables in the c-means functional, thus allowing each cluster

to adapt the distance norm to the local topological structure of the data, in particular to the linear

correlations among parameters. F; is the fuzzy covariance matrix of the i-th cluster defined by:

-  v,)(xo -  ' , ) '
p-

Lpr
k= l

, l 1 i (  c

and it is updated along with the partition matrix U and the centers V in the iterative process leading to the

minimization of Eq. (l).

3.2 Relevance vector machine for regression

With the HF labels and corresponding K, and the direct-push data resulting from the clustering process,

predictive models and relations are independently defined, as illustrated in Figure 4. For the definition of

hydro-geophysical relations, separate RVMs for regression are trained for each HF using corresponding K

and direct-push data. The main idea behind RVM is to perform a linear regression in a high dimension

feature space, through a kemel function, which returns a nonlinear regression in the original input space.

The weights of the regression are solved into a Bayesian framework and can be used for regression and

classification problems, as described below.

Consider a training dataset of Ninput-target pairs {So,Xoï=rwith the geophysical data vectors gras the

input along with colocated K7. measurements as the target. We note hhat gr can include many geophysical

parameters, whereas Klrepresents only one hydraulic parameter. For the prediction with many hydraulic

parameters with the same set of geophysical data, separate regressions should be defined for each

2pi7-
(4)
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hydraulic parameter of interest. For regression, the targets Kp are generally assumed to be some noisy

realization of an underlying functional relationsttip /(g) that we wish to estimate so that

g= f  (g ;w)+eo

where to are the result of an additive noise process and w is a vector of adjustable weights. One

interesting class of candidate functions for /(g;w) is given by

/V

/(g;*) =2, o4o(g) = * '0(e)
k=l

which represents a linearly-weighted sum of N nonlinear fixed basis functions denoted by

Q(g)= (QrG),Qr(g),...,0, (g))t Models of the type of Eq. (6) are known as linear models since the

function /(S;w) is a linear function of the parameters *=(r,,w2,...,wN)r. For many practical

regression problems, nonlinear basis functions are generally employed with Eq. (6) and, indeed, can be

very complex and flexible if Nis relatively large.

Classical treatment of a regression problem seeks a point estimate of the unknown weight vector w. By

contrast, in a Bayesian approach we characterize the uncertainty in w through a probability distribution

p(w). Observations of data points modif, this distribution by virtues of Bayes' theorem, with the effect of

the data being mediated through the likelihood function. In the context of RVM for regression, the class

of candidate functions for /(g;w) is of the form:

tr'

f  G;n)=Z.oL(e,so)rwo
k=1

(5)

(6)

(7)
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where w are the weights or relevance vector coefficients, we is bias and L(g,go ) ir a kernel function.

The kernel function is used to introduce nonlinearity in the mapping function. The kernel function defines

a set of nonlinear fixed basis functiorr /* (g) = L(g,go) ttrat is centered on each of the Ntraining data

points go . Selection of a suitable kernel type that best suits the data is an important step.

From a probabilistic viewpoint, the targets K in Eq. (5) are assumed to be independent and €o a Gaussian

noise with zero mean and noise variance i.Due to the assumption of independence of the K, Eq. (5) can

then be rewritten as the likelihood function

p1K lw, o' ) = 72no2 )-''' "*r{- #l|r 
- o*fl' 

}

where O is the design matrix that contains the response of all basis functions @o to the geophysical data

8r, with

wherein,

Q(g ) = l l, L(g o, g,), L(g * g r)..., L(g o, g )l '  .

From classical statistics, the maximum likelihood estimation that allows point estimate of w and ê from

Eq. (5) generally leads to over-fitting due to large number of weight generally used for the regression. In

the Bayesian approach proposed by Tipping [2001], a zero-mean Gaussian non-informative prior

distribution is imposed over the model weights w:

(8)

o = [0(s,),Q@r),...,Q(g))' ,
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p$la)= f[n1r,lo,o;')
i=0

with a a vector of N+l hyperparameters. Note that there is an individual hyperparameters associated

independently with every weight, moderating the strength of the prior.

To complete the specification of this hierarchical prior, hyper-priors are defined over o, as well over the

noise variance l. These quantities are scale parameters, and suitable priors are Gamma distributions:

p(a)=llCo* o(a,la,b)
i=0

p$)= Gamma(Plc,d)

with B =64 andwhere

Gamma(al a,b) = | (a)-t 6a oa-t r- ba (10)

with f(a) the gamma function. To make these priors non-informative, scale parameters (a, b, c and Q

are set to zefo.

The prior distribution expresses the uncertainty in w. By virtue of Bayes'theorem this non-informative

prior is later modified through the likelihood function to reflect the observed dataset of N input-target

pairs. The prior is governed by a hyper-parameter ûÉ associated with each weight (iteratively estimated

from the data), moderating the prior strength. The individual hyper-parameters control groups of weights

and their associated basis functions g(g), which are associated with each geophysical parameter g. The

association of a hyper-parameter with each weight w is the key feature of the RVM that is responsible for

its sparsity properties. Hence, the minimization of the number of hyper-parameters that control groups of

weights, instead of each individual weight, leads to smooth regression models with less over-fitting.

Having defined the prior, Bayesian inference proceeds by computing, from Bayes' rule, the posterior over

all unknowns given the data:

(e)
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p(w,a,oz lK) = p(wlK,a,o' 1 p1a,o'lKy

The posterior distribution over the weights w that can be computed analytically is thus given by:

( l  t )

p(ro lK, a,o2) - P(Klw 'o'z) P(wla)
p(Kla,o'z)

= (2n;-(,r*r ,r 
l>l-'' *o 

{- } 
f* - t)r E-,(* - Or}

where the posterior covariance and mean are respectively:

(r2)

x = (A +o-roto;-"

P=o'IÆ.K

with A = diag(a,a2,. . . ,a.) .

The hyper-parameter posterior pla,o'lKt is on the other hand represented by a delta-function at its

mode (i.e., most probable values for o and o2), which leads to the approximation

p(a,o'lK1*. pltla,oz)p(a)p(o'). For the case of uniform hyper-priors (a:b:c:d=o), the training

process becomes the search for most probable posterior hyper-parameter c and o2 by maximizing only the

marginal likelihood

pqKla,o'z ) = çzn)- N /'loz1 * 6a-r6rl'/2 (13)

The o and o2 which maximize the marginal likelihood are then found iteratively by setting u and ê to

initial values, finding values for X and. p, using these to calculate new estimates tr and ê and, repeating

this process until a convergence criteria is met. [n practice, during the iterative process it is found that

*o 
{- i "' 

(ozr +o.l-'o' r' r}
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many of the ai tend to infinity, which results in that several weights w;become zeroto achieve sparsity.

The number of observations, RV (RI/ < M), that have nonzero weights are the relevance vectors.

Predictions are made on the basis of the posterior distribution over the weights w, conditioned on

maximizing values obtained at the convergence of the hyper-parameters estimation procedure. Having

learned from the training values the hydraulic data K, we now make a prediction of hydraulic parameter

value at a new location K* given new geophysical datag*, where the posterior from the training process

is considered the prior for the prediction process. Therefore the new hydraulic data K* for new

geophysical data g* are predicted according to

K* = pto(g*) (14)

where p. is a vector of the mean weights of the relevance vectors and <D (g*) is the design matrix

evaluated for the new geophysical data g* with the best suited kernel to the data adjusted during the

regression training process.

3.3 Relevance vector machine for classification

In parallel with the definition of hydro-geophysical relations, HF models are also developed with HF

labels and direct-push data using a RVM for classification, as illustrated in Figure 4. RVM for

classification follows an essentially identical framework as previously detailed for RVM regression, but

using Bemoulli likelihood and a sigmoid link function to account for the change in the target quantities

(continuous versus class data).

Considering a two-class problem with a dataset of N input-target pairs with the geophysical data vectors g

and corresponding hydrofacies (class) HF with HFo e{O,t} Applying the logistic sigmoid link function

o(-f) = 1/ (1+ exp-/) to /(g;w) and adopting the Bernoulli distribution for P(HFlg) , the likelihood

function is expressed as
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N

p(HFlw) = fl"{ftro;,n)}"* [t -"{ffeo'*)}]' 
'"-

(15 )

Note that there is no noise variance for the classification case. However, unlike the regression case, the

weights cannot be evaluated analytically, and closed-form expressions for either the weight posterior

plwlHF,a) or the marginal likelihood P(HFla) are denied. An approximation procedure based on

Laplace's method has then to be used fMacKay,l99Z).

For prediction, the probability of membership to one of the hydrofacies HF * for new geophysical data g*

is thus given by

HF* = o{u'ots*)} (16)

where p is.a vector of the mean weights of the relevance vectors and O(g*) is the design matrix

evaluated for the new geophysical data g* with the best suited kemel to the data adjusted during the

classification training process (Eq. l0).

For a model with more than two HFs, a multi-class classification approach for which a series of binary

classifications is performed should be adopted. Two of the common methods for multi-class classification

include the one-against-all and the all-against-all techniques. The all-against-all approach is adopted here

because it generally produces better classification performance over the one-against-all approach lAtlwein
et al', 2000; Hsu ond Lin, 2002].In the all-against-all approach, each HF is compared to each other HF

lHastie and Tibshirani,1998f and a binary model is built to discriminate between each pair of HFs, while

discarding the rest of the HFs. This requires building c(c-l)12 binary HF models. When testing new

geophysical data g* that do not have hydraulic information, a voting is performed among the various

binary HF models and the HF with the maximum number of vote wins. and this HF label is assiened to

the new geophysical data g*.
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4 Hydrofacies and hydraulic conductivity estimation from
CPT/SMR data

In this section, we apply and test the learning machine approach proposed in Section 3 to the training

dataset described in Section 2 to identiff HF and predict K from CPTiSMR data for the St-Lambert site.

The training and testing of the learning machine involves the following steps:

l . HF definition (Step 1 in Figure 4): We first select the most relevant CPT/SMR parameters to

predict K and then extract HF structures in the training dataset using clustering algorithms. All

observations ofthe training dataset are used in this procedure.

HF models definition (Step 2 in Figure 4): In this step we train a RVM for classification to

recognize the HFs defined in Step I using HF labels and data of the most relevant CPT/SMR

parameters. A lO-fold cross-validation procedure is followed to select a kernel type and adjust its

window width. This process leads to the definition of site-specific HF models.

Hydro-geophysical relations definition (Step 3 in Figure 4): For each HF defined in Step 1, we

train a RVM for regression using colocated K and direct-push data to define a specific hydro-

geophysical relation for each HF. A leave-one-out (LOO) cross-validation procedure is followed

here to select the kernel and window width of each regression equation.

Verification of HF and K predictions (Steps 4 and 5 in Figure 5): Finally, the performance of the

trained learning machine to identiff HFs and estimate K is assessed using the same sequential

prediction procedure used to predict hydraulic information from new direct-push data that do not

have hydraulic information. In order to provide statistics on the estimation errors for HF and K

the trained learning machine is applied several times with different randomly selected training

and testing datasets.

More details on the application of the learning machine approach are given in the next sections.

4.1 Fuzry clustering for hydrofacies definition

The first stage of the training process is the definition of HF with clustering (Step I in Figure 4). The

clustering was carried out with the Matlab Fuzzy Clustering and Data Analysis Toolbox lBalasko et al.,

2005] with all the 280 colocated K and CPTiSMR measurements of the training dataset. To avoid the

2.

3 .

4.
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largest-valued parameters to bias the clustering, the logarithm of the original data for each parameter

were normalized to a common scale using their respective range. Every clustering simulation was also

initialized with random seeds. Experiments were done with different seeds not reported here and those

results were very similar to the ones given in this paper.

Due to the non-uniqueness that generally exists between hydraulic and geophysical parameters fRubin
and Hubbqrd,2005], the accuracy of predicted hydraulic information from direct-push data may suffer

from a loss of information. This loss of information causes an overlapping between HFs defined in the

geophysical space that may preclude reliable estimates of hydraulic conductivity. It should be

remembered that HFs are defined here in the hydro-geophysical space with K and direct-push data, but

the prediction of HF and K is made in the geophysical space only using direct-push data. As suggested in

Figure 5, an improper HF recognition during the prediction process will indeed result in the selection of

the wrong hydro-geophysical relation to predict K. Thereby, a systematic procedure was applied to search

for the combination of CPT/SMR parameters that produce the least HF overlapping in the geophysical

space to obtain the best predictive capability.

Moreover, as an unsupervised learning technique, the clustering algorithm requires a predefined number

of clusters. The correct choice of cluster numbers is often ambiguous, with interpretations depending on

data structure and clustering purposes. Furthermore, the optimal choice of cluster numbers has to strike a

balance between maximum compression of the data, using a single cluster, and maximum accuracy, by

assigning each data point to its own cluster. One may estimate an optimal number of clusters using

various statistical approaches or expert opinion. In this study the optimal number of HFs was included in

the search procedure.

Similarity measured between two observations drawn from the same parameters space is also

fundamental to the definition of a cluster. Similarity is usually measured by a distance function defined

on pairs of observations. The distance measure must be chosen carefully following the data structure and

the parameters characteristics (e.g., correlation). For instance, the FCM and GK clustering algorithms that

use Euclidean and squared Mahalanobis distances, respectively, were also tested to find the similarity

measure that minimizes HF overlapping.
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To assess the degree of HF overlapping for each examined combination, we define the misclassification

enor (MEo6) as the percentage of misclassified observations resulting from the projection of HFs from

the hydro-geophysical to the geophysical space:

(r7)

where c is the number of HF, N is the number of observations, and HFk and HF, are HF labels in the

hydro-geophysical and geophysical spaces, respectively. A lower value of MEohp indicates less

overlapping between HFs and a better recognition potential using direct-push data.

To calculate the MEo6r, we first extract coordinate centers of each l/F clustered in the hydro-geophysical

space. Then we project HF into the geophysical space by defining new HFs using only geophysical

parameters and by imposing previously extracted HF centers to the new clustering. Note that we are not

re-running the clustering here, only the coordinate centers of the direct-push parameters are used and

those pertained to K are discarded. After the fuzzy memberships of each observation are transformed to

integer numbers, by using the HF label with the maximum fuzzy membership, HFn, and HFr labels for

each observation obtained in the two spaces are compared together. Observations with different HF labels

are thus considered as incorrectly classified and the MEoup is calculated using Eq. (17).

The results of the exhaustive search procedure for direct-push parameters, HF number and similarity

measure are presented in Figures 6a-b. During this procedure, all combinations of geophysical parameters

with various numbers of HFs were individually clustered using the FCM and GK algorithms to find HF

structures with the lowest MEobp value (less HF overlapping). A total of 168 combinations were thus

examined with the number of HFs varied between 2 and 7, with K data included in all clustering

experiments. The fuzziness weighting exponent m was fixed to a value of 2 for all experiments. Several

observations can be made from Figures 6a-b. First, HF overlapping generally decreases with the number

of geophysical parameters used to define HF, as expressed by decreasing MEo6p values. For instance, ME

for a subset using only one geophysical parameter is up to 660Â (e.g., SK with 4 HFs in Figure 6b), while

HF overlapping is as low as I3oÂ for subsets using three or four direct-push parameters (e.9., TDRK with

4 HFs in Figure 6b).

ME =lqi ï r"r  +HF\,
o t a P  ^ I  H  H '  n g  g ' , K

i=l /t=l
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(A) FCM clustering
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Figure V.6 Misclassification error (MEor,) for the projection of the hydrofacies (HF) defined in the hydro-geophysical
space by (a) fuzzy c-mean (FCM) and (b) Gustafson-Kessel (GK) clustering into the geophysical space for different
numbers of HF and geophysical pârameters set. The arrow indicates the GK clustering of TDRK data with 4 classes of
HF that was selected for Step 1 of RVM training (see Figure V.4).

Figures 6a-b also show that the GK algorithm generally provides better performance than FCM clustering

with an average MEoup of 35Y" and,38oÂ, respectively. In fact, the Euclidian distance that is used by the

FCM algorithm generally works well for datasets with compact and isolated hypersherical clusters lMao

andJain,19961, which is unlike our dataset that is continuously distributed without sharp transitions in

values. Also, strong linear correlation among parameters, such as between S and Z in Table 3, are likely

to distort distance measures in the Euclidian space. This distortion is however alleviated with squared

Mahalanobis distance used in the GK algorithm, where different weights are assigned to each data based

on their variances and co-variances linear correlations, and follows natural correlations among parameters

within each HF.
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According to Figures 6a-b, the clustering experiment that provides less HF overlapping in the geophysical

space is the subset with direct-push parameters T, D and jt using the GK algorithm with 4 HF. This subset

is referred thereafter as the TDRK GK 4 subset, which indicates the set of parameters (TDRK), the

clustering algorithm (GK) and the number of HFs (4), respectively. We note that the same direct-push

parameter subset with 2 or 6 HF with the GK algorithm also has a small MEohp value. For the sake of

hydrogeological interpretation, we selected the combination with 4 HFs because it strikes a balance

between maximal compression (fewer HFs) and accuracy (many HFs) and roughly separates the range of

K into 4 classes of half an order of magnitude each. Note that principal component analysis (PCA) re-

expression of the dataset and features construction as product of original parameters were also tested

fe.g., Guyon and Elisseeff,2003]. Those experiments did not however provide lower MEo6o values than

TDRK_GK_4, likely due to the loss of information caused by the filtering process and dimensionality

reduction.

To further understand the link between K and direct-push parameters, we carried out a factor analysis

using the hydro-geophysical dataset, as illustrated in Figure 7. In a factor analysis, the measured

parameters depend on a smaller number of unobserved (latent) factors lDavis, 1973; Harman, 1976f.

Since each factor may affect several variables in common, they are known as common factors. Each

parameter is assumed to depend on a linear combination of the common factors, and the coefficients are

known as loadings. For this study, the factor analysis was carried out using a maximum likelihood

approach lJr) r es ko g, 19 67 l.

Two important observations can be made from Figure 7. First, we see a high loading for mechanical

parameters S and 7on the factor 1 axis, whereas loading for K and electrical parameters D and R are more

important on factor 2. This suggests that two independent factors are underlying hydro-geophysical

relationships for the study training dataset. Based on the nature of each parameter, this suggests that

factor 1 may be related to the structure of the sediments, while factor 2 relates to the pore structure. We

note that according to the latent root criterion only two factors can be extracted from the training dataset

and those factors explain 7l%o of the total variance. We should also note that factors rotated by a promax

oblique scheme provided similar loading as the varimax orthogonal scheme illustrated in Figure 7, which

indicates that the two main factors are fairly independent (orthogonal)'
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Figure V.7 Factor analysis for the hydro-geophysical training data set. The two-dimensionâl diagrams of directional
vectors represents loadings on individual hydro-geophysical parameters projected agâinst the two main factors rotated
using the varimax scheme lilarman, 19761.

Another important observation from Figure 7 is that some CPT/SMR parameters are better suited to

resolve K. For instance, high 7, D and R loadings on axis 2 means that those parameters have a good

potential of resolution of K, which also has a high loading on axis 2.For perfectly correlated geophysical

parameters with K, only one geophysical parameter would be necessary to predict K from geophysical

parameters. For perfectly correlated parameters the reduction in space dimension does not lead to

overlapping. However, with imperfectly correlated parameters, and possibly heterogeneous correlation

varying according to the geological materials, even a weak correlation will stretch the cloud of

observations in the direction ofthe correlation. The larger the correlation, or anti-correlation, the stronger

is the stretching. When using a large number of geophysical parameters, the distortion of the cloud will be

larger and the clusters will be more distinct from each other and consequently less overlapping will result.

Thus using more geophysical parameters with varying degrees of correlation with K increases the overall

degree of correlation with K and thus the potential of geophysical parameters to resolve K. In Figure 7 we

see that the only parameter that does not share variance with K is ^S (this can also be seen in the

correlation matrix in Table 3), which explains why this parameter was not retained in the systematic

search procedure with geophysical parameters. From Figure 6 we also observe that for the same number

of parameters, subsets with S generally present the higher MEoup.
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Data distribution for each HF and parameter for the TDRK_GK_4 subset are also illustrated in Figure 8,

where we assigned observations to the highest HF membership. The median and range of values for K

and each retained direct-push parameter are fairly distinct between HFs with only a few outliers.

Particularly, the median values for K gradually increase from HFI to HF4, with slight overlaps between

HFs that may be attributed to the complexity of the hydro-geophysical responses and to the transitional

nature of the littoral depositional environment. Moreover, each HF presents distinct profiles of K and

direct-push parameters as expected from the various sediments composing the aquifer that may present

different hydro-geophysical responses. For instance, HF4 has the highest median values for T, D, R and

K, whereas HFI has the lowest values for the same parameters. As depicted in Table 4, clustering also

results in better linear correlations between parameters with correlation values up to 0.90 between

geophysical parameters together and up to 0.66 between K and geophysical parameters. This correlation

information can indicate which geophysical parameters are best suited to predict K within each HF.

In summary, the number and the choice of geophysical parameters appear to have an important impact on

the potential for HF recognition from CPT/SMR data. Our interpretation is that using more parameters

allows a better distinction of the various HFs, which should reflect geological materials, by reducing non-

uniqueness among hydraulic and geophysical parameters. And the process of selection of the number of

HFs and similarity measure allows extracting those distinct HF structures in the training dataset.
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Table V.4 Correlations matrix showing the values of the correlation coefficient (r) for direct-push parameters and
hydraulic conductivity for each hydrofacies of the TDRK GK 4 subset. Parameter symbols are defined in Table V.1.

Parameter logT logD logÀ logX

Hvdrofacies I

log? 1.00

roù 0.2r 1.00

logÀ 0.22 -0.44 1.00

logl( 0.22 0.23 0.01 1.00

llydrofacies 2

logT 1.00

loù -0.28 1.00

logR 0.07 0.75 1.00

logK -0.60 0.48 0.18 1.00

Hvdrofacies 3

logz I oo

loù 0.78 1.00

logÀ 0.77 0.90 1.00

logr'( 0.57 0.66 0.42 1.00

Hydrofacies 4

log? 1.00

loù -0.07 1.00

togR -0.10 -0.77 1.00

logK 0.38 -0.01 -0.11 1.00
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Figure V.8 Data distribution for each of the four hydrofacies resulting from the clustering experiment with the best
predictive capability (TDRK_GK_4 subset; see Figure V.6). This clustering uses tip stress (7), dielectric constant (D) and
resistivity (R) along with hydraulic conductivity (r!.

4.2 Multi-class RVM training for hydrofacies models definition

To build predictive HF models for our study site, a multi-class RVM is trained to recognize HFs of the

TDRK_GK_4 subset using data for parameter T, D andR (Step 2 in Figure 4). Note that HF data used for

the training are integer numbers obtained from the transformation of fuzzy memberships resulting from

clustering. Figures 9a-b show graphs used for the selection of the optimal kemel window length of the

multi-class RVM using a Gaussian kernel function. To find the optimal kernel window length, the

classifier performance (Figure 9a) and complexity (Figure 9b) are assessed for various kernel functions
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and kernel window lengths using training and testing datasets. The classifier performance is defined here

by the misclassification error (MEnvr) that is evaluated using an equation similar to Eq. (17):

ME^,,= 
#àË 

(HF,r,,,+ HFRvM)ik ( l  8)

where HF"ru,,and HFpyy are HF labels from clustering and RVM classification, respectively. Note that

HF"r,,t are integer numbers obtained from the transformationof luzzy memberships, whereas HFpyl,aare

integer numbers resulting from the multi-class voting process. A lower value of MEpy,y indicates a better

HF predictive capability of the RVM. The model structural complexity (sparsity) of the classifier is

expressed by the total number of relevance vectors (RZ) used by the RVM classifier:

( le)

where RVi is the number of the relevance vectors per HF i. A lower RV value produces a smoother

solution.

Thus, for a given kernel function and a kernel window length, relevance vectors are first determined with

the procedure in Section 3.3 using the training dataset. Then, HFs are predicted using the testing dataset

with Eq. (16) and previous relevance vectors. Finally, performance and sparsity of the classifier are

assessed using Eq. (18) and Eq. (19), respectively. This procedure was repeated for different kemel

window lengths to produce Figures 9a-b with a Gauss kernel function. Note that we are using normalized

parameters and kernel window widths for different parameters can thus be plotted on the same axis in

Figures 9a-b. Different kernel functions can also be tested. The supervised classification with RVM was

carried out with the SPARSEBAYES Matlab Toolbox lTipping and Faul,2003; Tipping, 20091 using

Bernoulli likelihood.

To avoid bias in the selection of training and testing datasets, a lO-fold cross-validation procedure

fGeisser, 19751 was followed to produce Figures 9a-b. Cross-validation with partial data splitting is

oy =f nv,
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reported to be a robust procedure for model selection of classification problemslArlot and Celisse,2010].

With this procedure the entire training dataset is split randomly into ten groups of similar size and each

group is used in turn as a testing set, while the other nine groups are used together to form a single

training set. The average value of the ten experiments for each kemel window length of a given kernel

function is then used to plot MEpyla and RZ curves. We note in Figures 9a-b that statistics fot MEpyTa and

RV are also provided for each of the six binary models used by the one-against-all approach for the

training of the multi-class RVM.

Figure V.9 Graph of (a) misclassification error (MEnva), and (b) number of relevance vector (RIz) used for the selection

of the optimal kernel window length of the relevance vector machine for classilication. Each curve represents a pair of

hydrofacies used for the all-against-all multi-class classification. Results are for a Gauss kernel function.

According to Figures 9a-b, we selected a unique kernel window length of 0.1 as the optimal value for best

predictive capability of the RVM classifier with a Gaussian kernel function. Note that other kernel

functions were also tested, but those experiments did not provide better predictive capabilities as verified

by the procedure presented in Section 4.4. The selection of the kernel window length followed the elbow-

criterion, to find the optimal number of relevance vectors that strike a balance between over-fitting and

over-smoothing the testing data, while obtaining a RVM classifier with low MEnvu value. For instance,

using a large number of relevance vectors generally leads to good classifier performance with training

data, but to poor generalization capability when used with testing data because the over-fitted model

describes the random error instead of the underlying relationship fTetko et al., 1995} Using very few

relevance vectors leads to poor classifier performance with both training and testing data due to the over-

smoothing of the underlying relationship.
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4.3 RVM regression training for the definition of hydro-geophysical relations

Similar to the definition of HF models with RVM classification, kemel functions and kernel window

lengths are tested to define hydro-geophysical relations with the best predictive capabilities :using K, T, D

and R data of the TDRK-GK-4 subset (Step 3 in Figure 4). As illustrated in Figures lOa-c for aLaplace

kernel function, a hydro-geophysical relation is independently defined for each of the four HFs. Note that

for developing hydro-geophysical relation for a given HF, we assign each observation (K, T, D, R data) to

the HF with the maximum membership after the fitzzy memberships of each observation obtained from

clustering are transformed to integer numbers. Reliability of the hydro-geophysical relations is defined in

terms of goodness-of-fit statistics that also reflect the adequacy and significance of the predicted model.

These key statistics are mean enor (Bias) and root-mean-square error (rRM^g):

Bias = - t ; )
"-'I(,i= l

(20)

RMS = (2r)

Additionally, we used the number of relevance vector RZ defined in Eq. (19) as an index of structural

complexity of the RVM regressor.

For the training of RVM regressors a LOO cross-validation procedurefStone,lgT4] is followed, where

each observation is successively left out from the entire training dataset and used for testing. This

procedure is generally well suited for model selection of regression problems lArlot and Celisse,2010].

Thus, for a given kernel function and kernel window length, relevance vectors are determined with the

procedure described in Section 3.2 using all available data except one observation, and K prediction is

made using Eq. (1a) with the observation left out. This process is repeated until all observations have

been used as testing data and the average for all experiments is used to assess performance (Figures l0a-

b) and sparsity (Figure lOc) of the RVM regression models. The supervised regression was carried out

with the SPARSEBAYES Matlab Toolbox lTipping and Faul, 2003; Tipping, 20091 using Gauss

likelihood. According to Figures lOa-c, the optimal kernel window lengths for HFI to HF4 are 0.4,0.15,
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1 0

0.4 and 0.5, respectively. Note that the Laplace kernel function used in Figures lOa-c provided the best

predictive capabilities as verified by the procedure presented in Section 4.4.
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Figure V.l[ Graph of (a) root-mean-square (ÀM.9), (b) mean error (Bias), and (c) number of relevance vector (ÀZ) used

for the selection of the optimal kernel window length of each relevance vector machine for regression associated to the

four hydrofacies of the TDRK_4GK subset. Results are for a Laplace kernel function.

4.4 Verification of hydrofacies and hydraulic conductivity predictions

In this section, we assess the error associated with the application of the previously trained learning

machine to identiff HF and predict K from CPT/SMR data for our study site. The verification process

follows the same sequential steps for prediction illustrated in Figure 5 using training and testing datasets.

First, the training data with parameters of the RVMs (kernel function and window length) are used to

build HF models and hydro-geophysical relations. Then, for a given CPT/SMR observation (7, D, R fot

this example) of the testing set, HF is predicted using HF models and the hydro-geophysical relation

corresponding to this HF is then applied to estimate K using the same CPTiSMR data. Predicted HF and

K are then compared to known values of the testing set to assess perforrnances. Note that predicted HFs

optimal
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here are the result of the multi-class voting process. To assess classification and regression erïors, we

randomly selected 80% of the available colocated hydro-geophysical data and used it as a training set

while the remaining 20oÂwas used as a testing set. This procedure was repeated 100 times to provide

error distributions associated with the selection of training and testing sets, as illustrated in Figure I I . The

same RVM parameters (kernel function and window length) found in Sections 4.2 and 4.3 were used for

all simulations.
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Figure V.ll Histograms oft (a) misclassilication error (MEpy6). @) mean error (Bias), and (c) root-mean-square (-RM^g)
for error assessment ofhydrofacies (a) and hydraulic conductivity predictions (b-c).

According to the median MEpyTa value in Figure lla, the error associated with HF recognition from

CPT/SMR data is l4%o. This value is similar to the MEoloo valte (l3oÂ) obtained from clustering to

evaluate the degree of HF over-lapping associated with non-uniqueness between K and CPT/SMR

parameters. This means that the classification with the RVM is almost perfect, as expressed by non-zero

MEnvu value, and the obtained MEnvu value is associated with non-uniqueness as discussed in Section

4.1. Figure l2a also presents a confusion matrix comparing the HF classification obtained by the RVM

classifier to the original classification made by clustering for the simulation with the median MEnvu

value. The classification error is fairly well distributed over all HFs with MEnvu for each HF ranging

from l0% to2l%o.

Figures I lb-c that assess regression performances, indicate that there is no significant bias in K estimates,

as expressed by a median Bias value of 0.016. Also, the median RM,S error for all simulations is 0.327 ,

which represents approximately 14% of the total range in logK values. According to the sequential

procedure to estimate K (Figure 5), we note that the accuracy of predicted K depends on both the

accuracy of the HF models and hydro-geophysical relations because the recognition of the wrong HF

necessarily leads to the wrong hydro-geophysical relation. Figure 12b also presents a scatter plot

BA c
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comparing logK estimates obtained by the RVM regressors to the value obtained from slug tests for the

same testing dataset used in Figure l2a. The correlation coefficient (r) between predicted and field logK

estimates is 84To and there is no bias in the estimate as the regression line overlaps the I :1 perfect fit line.

Finally, Figures l3a-b and Table 5 show observed and predicted logK distributions per HF, respectively,

for the median testing dataset presented in Figure 12. Although the general trend in median logK values

between HFs is similar for both observed and predicted distributions, the range in predicted logK for each

HF is naffower than the observed ranges. This indicates that the learning machine smooth logr(

estimations, which is inherent to any estimation process (classification and regression).

The actual effor assessment use 80% of the available data for training of the learning machine and it is

thus expected that when used to make prediction with 100% of the training data for field application (e.g.,

Paradis et al., 2Ol4), K estimates could be slightly better than values reported in this analysis.

Meanwhile, the study of Paradis et al. [2011] that compared K estimates from flowmeter and multi-level

slug tests, for 123 of the 280 intervals used in the present study, showed RMS and r values of l0% and

88o%, respectively. Thus, the proposed indirect method to estimate K from CPT/SMR data compares fairly

well with direct methods based on hydraulic tests.
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Figure V.12 (a) With a testing data set (n=56 observations), the confusion matrix compares the hydrofacies classification

obtained by the relevance vector machine (RVM) classifier to the original classification made by fuzzy clustering

(TDRK_GK_4 subset). This classification corresponds to the simulation using the median misclassification error

illustrated in Figure V.lla. The diagonal indicates the observations for which both classifications are identical (IJFI 617,

86Vo; HF2 lEt20, 9OoÂ; HF3 11/14, 79'Â; IiF4 l3ll5, E7V"; overall 48/56, 86%). Off-diagonal observations were

misclassified by RVM classification (IdlFl ll7, l4o/o; IJF2 2120, lOY"; HF3 3/14' 2lo/o; IJF4 2ll1 l3o/o; overall8156,l4o/ol.
(b) Comparison of the logarithm of hydraulic conductivity (.K) measured with multilevel slug tests with the estimation

made using RVM regressors with the same testing data set as shown in Figure (a).

281



Table V.5 Logarithm of hydraulic conductivity (log.K) statistics per hydrofacies and overall for the median testing data set
presented in Figure V.l2 resulting from the testing (error assessment) of the learning machine: (a) originat logK data of
the TDRK-GK-4 subset obtained with slug tests; and (b) predicted logK values from the learning machine following the
approach illustrated in Figure V.5. Hydraulic conductivity distributions per hydrofacies are also illustrated in Figure
v.13.

llydrofacies Number Minimum Maximum Median Standard-
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Figure V.13 Logarithm of hydraulic conductivity (logK) distribution per hydrofacies for the median testing data set
presented in Figure V.l2 resulting from the testing (error assessment) of the learning machine: (a) original hydraulic
conductivity (logK) data of the TDRK_GK_4 subset obtained with slug tests; and (b) predicted log.K values from the
learning machine following the approach illustrated in Figure V.5.

5 Summary and conclusions

This paper presented a learning machine approach to define site-specific hydro-geophysical relationships

in order to estimate aquifer hydraulic properties based solely on geophysical measurements. Specifically,

we explored the use of CPT/SMR soundings data for K estimation using a statistical framework

combining fuzzy clustering and relevance vector machines (RVMs). Hydro-geofacies (HFs) reflecting

geological materials present within the studied aquifer were first extracted from a training dataset

composed of Kdata measured in wells using l5-cm vertical resolution packer slug tests and CPT/SMR

data that include resistance to penetration (tip stress, 7), mechanical friction (sleeve stress, ,S), dielectric

constant of bulk sediments (D) and DC electrical resistivity (R). All colocated hydraulic and CPT/SMR

data were up-scaled to a common vertical resolution of 15 cm for the purpose of establishing hydro-

geophysical relationships. RVMs for classification and regression were then trained independently using

previous clustering data to define predictive HF models and hydro-geophysical relationships,

respectively. Accuracy of HF and K estimates using the trained learning machine was assessed through a

cross-validation procedure to evaluate the potential of CPT/SMR data for K estimation. Important

conclusions and observations resulting from this study include the following:

Indirect CPT/SMR data hold the potential to estimate K at a high-vertical resolution even under real field

conditions. The use of a multi-parameter probe, such as the CPT/SMR, reduces non-uniqueness between

geophysical and hydraulic properties by providing a series of geophysical parameters that provide

B

l l l

I
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complementary information on hydraulic data. Thus, using CPT/SMR data for aquifer characterization

could be an efficient complement to conventional well-based hydraulic testing approach, as it contains

enough information to infer K heterogeneities.

Even though up to four geophysical parameters from CPT/SMR were available to correlate with K for

this study, it was not possible however to completely resolve the non-uniqueness in hydro-geophysical

relations at our site, as expressed by the non-zero degree of over-lapping between HFs projected in the

geophysical space. This remaining uncertainty is inherent to measurement and interpretation errors, but

also to the fundamental nature of the relationships between geological materials and hydro-geophysical

responses, which limits our capacity to fully represent hydraulic parameters through indirect approaches.

This means that the choice and number of geophysical parameters to use as an indirect approach to

characterize hydraulic properties for a particular site are crucial to ensure meaningful hydrogeological

interpretation of geophysical measurements.

RVMs for classification and regression are effective to establish HF models and hydro-geophysical

relationships with good generalization capabilities. Relations between hydraulic and geophysical

parameters are generally nonlinear and difficult to define, as illustrated through the actual training dataset

for the St-Lambert aquifer, and reliable statistical relationships are critical for successfully employing

geophysical data for hydraulic properties characterization. In this study, HF models and hydro-

geophysical relationships are defined through a kernel function that maps complex hydro-geophysical

relations into a higher-dimensional space where classification and regression problems are easier to solve,

which provides flexibility in fitting multivariate nonlinear relations. The division of the training dataset in

HFs with distinct hydro-geophysical relations among the data also contributes to alleviate nonlinearity.

From a practical perspective, for aquifer characterization over a relatively large study area, discrete

representation of aquifer property heterogeneity with HFs is helpful to conceptualize the complexities

present in most aquifers and to veriff geological plausibility.

As non-parametric learning machines are based on empirical data, the selection of a representative hydro-

geophysical training dataset is fundamental to establish meaningful hydro-geophysical relationships. In

that respect, a systematic data acquisition approach should be adopted to provide a representative and

complete training dataset for the training of the learning machine for a particular study area, as proposed

284



by Paradis et al. [20141 for the St-Lambert aquifer. Such an approach is needed to ensure the coverage of

the entire range of hydraulic and geophysical responses observed over the study area.

A K heterogeneity characterization approach based on hydro-geophysical relations still has to involve

hydraulic testing. Actually, such an approach has higher requirements on the type of K data needed,

which leads to new ways to targeted hydraulic testing carried out in the perspective of providing K values

over the observed range ofgeophysical responses in a given study area. Such a perspective and approach

can contribute to a more efficient aquifer characterization process because less time consuming hydraulic

tests are needed, but these tests have to meet more specific criteria, notably for high vertical resolution

hydraulic testing suited for the definition of hydraulic heterogeneity. In that perspective, for the present

study, we used a training dataset of K measurements from multi-level slug tests carried out in fully-

screened direct-push wells at a vertical resolution of 15 cm. However, more efficient hydraulic testing

approaches are still needed to acquire larger K training datasets (e.9., Liu et al., 2009; Paradis et al.,

201r).

Finally, although the probing methods and relations defined in this paper are site-specific, the learning

machine is general in its basic principles and could be extended to other hydrogeological contexts with

different hydraulic and geophysical characterization tools.
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DESCRIPTION DES ANNEXES

Cette section comprend une série d'annexes foumie en support aux travaux présentés dans cette thèse. À
l'Annexe A on retrouve la version anglaise abrégée de la synthèse de la première partie soumise et acceptée
pour publication :

AnnexeA Synthèse (version anglaise) 295

Paradis, Daniel, Laurie Tremblay, René Lefebwe, Erwan Gloaguen, Alfonso
Rivera, Michel Parent, Jean-Marc Ballard, Yves Michaud and Patrick Brunet
(2014) Field characterization and data integration to define the hydraulic
heterogeneity of a shallow granular aquifer at a sub-watershed scale.
Env ironment al E ort h Sc iences. doi : I 0. I 007 I s12665 -0 | 4-33 18 -2

On retrouve aussi en version numérique (DVD) les mesures de terrain et de laboratoire permettant de
reproduire les analyses présentées dans la synthèse et les articles originaux de cette thèse :

Annexe B Données des tests à choc hydraulique multi-niveaux DVD

Données utilisées pour la Synthèse et les Articles I et V

Annexe C Données des tests avec débitmètre de puits DVD

, Données utilisées pour l'Article I

Annexe D Données des tests d'interférence verticale à choc hydraulique DVD

Données utilisées pour les Articles II et IV

Annexe E Données de tomographie à choc hydraulique DVI)

Données utilisées pour l'Article IV

Annexe F Données des sondages CPT/SMR brutes et mise-àJ'échelle DVD

Données utilisées pour la Synthèse et I'Article V
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Abstract
Providing a sound basis for aquifer management or remediation requires that hydrogeological investigations
carried out to understand groundwater flow and contaminant transport be based on representative data that
capture the heterogeneous spatial distribution ofaquifer hydraulic properties. This paper deScribes a general
workflow allowing the characterization of the heterogeneity of the hydraulic properties of granular aquifers
at an intermediate scale of a few km2. The workflow involves characteization and data integration steps
that were applied on a 12 km2 study area encompassing a decommissioned landfill emitting a leachate
plume and its main surface water receptors. The sediments composing the aquifer were deposited in a
littoral-sublittoral environment and show evidence of small-scale transitional heterogeneities. Cone
penetrometer tests (CPT) combined with soil moisture and electrical resistivity (SMR) measurements were
thus used to identifu and characterize spatial heterogeneities in hydraulic properties over the study area.
Site-specific statistical relationships were needed to infer hydrofacies units and to estimate hydraulic
properties from high-resolution CPT/SMR soundings distributed all over the study area. A learning machine
approach was used due to the complex statistical relationships between colocated hydraulic and CPT/SMR
data covering the full range of aquifer materials. Application of this workflow allowed the identification of
hydrofacies units and the estimation of horizontal hydraulic conductivity, vertical hydraulic conductivity
and porosity over the study area. The paper describes and discusses data acquisition and integration
methodologies that can be adapted to different field situations, while making the aquifer characterization
process more time-effrcient and less labour-intensive.

Keywords: Heterogeneity, Hydrofacies, Hydraulic properties, Aquifer characteization, Direct-push,
Hydrogeophysics, Data integration, Relevance vector machine (RVM)
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1 INTRODUCTION

Hydrogeological investigations designed to assess groundwater flow or contaminant transport require

representative data on the heterogeneous spatial distribution of hydraulic properties in aquifers, such as

hydraulic conductivity (K) and porosity (n) (Anderson et al. 1999; Eaton 2006). In unconsolidated

sediments, the heterogeneity of hydraulic properties results from complex geological processes (Koltermann

and Gorelick 1996). This heterogeneity influences groundwater flow and especially mass transport

processes in aquifers over various scales (e.g., Caputo et al. 2010; Dann et al.20ll; Giingôr-Demirci and

Aksoy 20ll;Lrl-etal.20lI; Mastrocicco etal20ll; Blouin etal.2013; Doro et aL.2013).Indeed, the large-

scale heterogeneities in K control the paths of groundwater and contaminants, while both large and small-

scale variations in K modulate the magnitude of contaminant dispersion. Thus, to provide a sound basis for

aquifer management, the scale of heterogeneity relevant for a particular hydrogeological investigation

should be recognized and characterized accordingly (e.g., Grâbe et al. 2013). In doing so, consideration has

to be paid to the type ofproblem to be addressed (e.g., flow or transport), the scale ofthe investigated site,

the medium, the type of answer to be provided (e.g., point or diffirse) and the cost of data collection (de

Marsily et al. 2005).

Discrete representation of hydraulic property heterogeneity through the definition of hydrofacies (HF) unit

is generally helpful to conceptualize the complexities present in most aquifers and to keep control on

geological plausibility (Anderson 1997; Poeter and McKenna 1995; Ouellon et al. 2008; Frei et al. 2009). A

HF unit is generally a functional unit that is hydrogeologically meaningful for the purposes of flow and

transport modeling (Anderson 1989). Complete aquifer characterization would ideally yield a three-

dimensional model representing the spatial distribution of hydraulic properties on the basis of the spatial

arrangements of the HF units present in the aquifer system.

Field hydraulic tests are common and generally reliable sources of information on aquifer hydraulic

properties (Butler 2005). Conventional hydraulic tests, such as pumping tests and slug tests, induce

horizontal flow patterns and only estimate horizontal hydraulic conductivity (Kr,). Complete understanding

of groundwater flow and contaminant transport also requires the knowledge of K anisohopy, i.e. the ratio of

vertical K, and horizontal K7, hydraulic conductivities (or vertical hydraulic conductivity, K") and n. K andn

can be obtained from laboratory tests canied out on soil samples Ihat are usually obtained by coring during

drilling operations. However, the typically long duration of conventional hydraulic tests and the difficulties
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in the experimental procedure related to sample collection and manipulation generally limit our ability to

obtain large amounts of direct data about Kn, K and n. As a result, there is rarely sufficient information at

the needed level of detail to constructmeaningful hydrogeological models (Gelhar 1993; Anderson 1997;

Butler 2005). The motivation of this study is then to develop an in situ aquifer charactenzation approach

that would enable time and cost effective methods for imaging the heterogeneity of hydraulic properties in

granular aquifers.

In this paper, we present the general workflow that was applied for the characterization of hydraulic

properties of a shallow unconfined aquifer for the study of leachate migration from a decommissioned

sanitarylandfilltoitsmainreceptors(Tremblayetal.2013).Thestudycovers a12\rrrrrz areasurrounding

the landfill. Sediments composing the aquifer show evidence of small and large-scale transitional changes in

sediment textures, reflecting their littoral to sublittoral depositional environment. To address the challenge

posed by this aquifer for the definition of heterogeneity in the study area, the emphasis was placed on the

acquisition of high vertical resolution indirect data that could be efficiently obtained at relatively low cost.

The choice was made to use cone penetrometer testing (CPT) combined with a soil moisture and resistivity

probe (SMR), as this met our requirements for defining the stratigraphy. CPT/SMR is a multi-parameter

probe that provides vertical profiles of mechanical and electrical properties of sediments. The value of using

CPT/SMR datafor aquifer characterization lies in its vertical decimeter-scale resolution (Lunne etal.1997;

Schulmeister et al. 2003), which cannot be obtained by surface-based geophysical methods. Moreover, the

relatively extensive spatial coverage that can be obtained by direct-push soundings in comparison to well or

core-based hydraulic tests allows the imaging of aquifer heterogeneity over large areas (Lafuerza et al.

2005). To be used to estimate hydraulic properties, Paradis et al. (2011; 2014b) proposed a data integration

approach based on leaming machines to predict.HF and K7, from CPT/SMR data. The estimation of

hydraulic data from CPT/SMR data thus constitutes the core of the aquifer characterization approach

presented in this paper. As the adopted learning machine approach is based on empirical site-specific

relations between hydraulic and CPT/SMR data, we followed a top down data acquisition workflow to

acquire a training dataset representative ofthe study area. In this process, general characterization methods

with greater spatial coverage and less resolution are first applied followed by specific methods with higher

resolution and smaller volumes of investigation to rationalize data collection, as commonly used in the oil

industry for hydrocarbon exploration (Bradford and Babcock 2013). Besides the definition of hydro-

geophysical relations to predict HF and Klfrom direct-push data, the data integration approach involves the

definition of relations that link sparse K and n data to Kl and spatial interpolation of HF, Kn, K and n over

the study area to provide complete and meaningful fields of hydraulic properties. To the knowledge of the
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authors, there are very few field studies reporting such a level of integration for aquifer heterogeneity

characterization that spans the entire spectrum from adapted field data acquisition to high-end statistical data

integration. The current study is also original in terms of its scale, as hydrogeophysical efforts to define

aquifer heterogeneity are often restricted to small areas and also illustrates the potential of geophysical-

based approach for efficient aquifer characterization over relatively large areas.

This paper first presents the study area with a general description of the data acquisition workflow used for

the characterization of hydraulic property heterogeneity. The data integration approach is then presented,

which includes a brief description of the learning machine approach used to predict hydraulic information

from CPT/SMR data and the interpolation scheme used to obtain the spatial distribution of HF units and

hydraulic properties over the study area and illustrated along a representative section of the aquifer. The

relative time efficiency of the proposed approach to predict K from direct-push data in comparison to

conventional hvdraulic tests is also discussed.

2 Study ̂ rea, and data acquisition

2.L Summary of the data acquisition approach

Figure I illustrates the general data acquisition workflow followed in this study to characterize

heterogeneity of hydraulic properties. This workflow follows a top down approach initially using general

methods with greater spatial coverage and less resolution, followed by more specific methods with higher

resolution and smaller volumes of investigation according to the overall responses of previously applied

methods. Also, general methods such as the regional geology analysis and GPR surveys provide indirect

information about the stratigraphy, whereas specific methods such as slug tests provide direct estimates of

K1,. This data acquisition workflow is intended to rationalize data collection and to maximize the

significance of the information gathered. For instance, the proposed workflow mainly relies on the

collection ofa training dataset representative ofthe shrdy area to establish relations between hydraulic and

direct-push parameters, as proposed by Paradis et al. (2011;2014b). Then hydraulic tests are carried out

with parsimony only at strategic locations where changes in sfiatigraphy can be deduced from large-scale

geophysical measurements in order to cover the range of material types. The approach thus relies on

integration of direct data with more abundant indirect CPT/SMR data to estimate hydraulic properties. Since

300



CPT/SMR sounding locations are selected on the basis of previous geological and GPR surveys, they can

provide more relevant details about heterogeneity of hydraulic properties than would be practically possible

from well-based hydraulic tests alone. In the remainder of this section, we thus present the application of the

data acquisition workflow, as illustrated in Figure l, for field characterization of the test site.

Figure I General sequential data acquisition workllow for the characterization of heterogeneities in hydraulic properties at
the St-Lambert sfudy area (S: sleeve stressl T: tip stress; D: dielectric constânt; lt: electrical resistivity; .K1: horizontal
hydraulic conductivity, Kv: vertical hydraulic conductivity; n: total porosity).

2.2 St-Lambert site and regional geology

The proposed methodology was applied in a test area located in St-Lambert-de-Lauzon, 30 km south of

Quebec City, Canada (Figures 2a-b). The St-Lambert study (Figure 2c) included a l2-t'nf sub-watershed

surrounding a decommissioned sanitary landfill in order to assess the migration and natural attenuation of a

leachate plume. The potential receptors of the plume emitted from the former landfill are streams

delineating the north, west and south boundaries of the study area (Tremblay et al. 2013). The eastern limit

corresponds to a groundwater divide identified from a potentiometric map.
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As a first step in the aquifer characterization process, air photos and surficial sediment exposures were

analyzed to identiff the depositional environment and map the surficial geology of the study area

(Lamarche and Tremblay 2012). The knowledge of the depositional environment is particularly helpful to

gain insight on sediment architecture and spatial trends in sediment textures, which could provide

qualitative information about the heterogeneity of hydraulic properties (Heinz et al. 2003). As reported by

Bolduc (2003), the surficial sediments of the study area (Figure 2b) consist primarily of Late Quaternary

sandy and silty sediments that were deposited in the receding Champlain Sea, which was an arm of the

Atlantic Ocean that had invaded the St.Lawrence Valley at the time of the last deglaciation. More

specifically, deposition at the St-Lambert site was controlled mainly by longshore currents that redeposited

in littoral and sublittoral settings the sediments supplied to the Chaudière River paleodelta. This is indicated

in Figure 2c by the southwestward fining of the littoral sediments in conjunction with the southwest-

northeast trend of the beach ridges (Lamarche and Tremblay 2012). These ridges and the associated

nearshore bars are mostly composed of medium to fine sand while the intervening troughs are composed of

finer, silty sediments (Reading 1996). The silt-rich lithofacies found below littoral sands were deposited in

sublittoral foreshore environments, while those interstratified with thin sand layers (CPT 24) were deposited

in troughs and in lagoonal backshore settings during marine regression.

Sediments size for the aquifer ranges from fine sand to very fine silt (clayey silt) with poor to very poor

grain-size sorting. Sediment size and sorting in sandy littoral environments result'from the interaction of

two main depositional processes, namely saltation and suspension transport occurring concurrently (Reineck

and Singh 1980). The degree of sorting for sands and silts found at the St-Lambert site may thus result in

relatively lower values of 1( in comparison to typically better sorted sediments. As shown in Figure 3, rapid

transitions in sediments size and sorting caused by rapidly varying depositional energy are also generally

observed in surface exposwes. The resulting superposition of sand and silt layers may then create semi-

confined aquifer conditions due to their respective K contrast. More gradual lateral intrastratal transitions in

these littoral and sublittoral sediments are also expected as a result of changing energy levels along

Champlain Sea shorelines.
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Figure 3 Photo of sediments showing rapid vertical transition dry sand beds upward into damp silt beds. The location of the
exposure is shown in Figure 2c.

2.3 GPR surveys

Ground penetrating radar (GPR) surveys were chosen as a tool to characterize the aquifer architecture in

complement to the regional geology. GPR is a fast, inexpensive and established geophysical technique for

non-invasive imaging of stratigraphy of unconsolidated sediments (Van Overmeeren 1998; Schmelzbach et

al.20ll). It uses high-frequency electromagnetic waves that are emitted in the ground, where they

propagate and eventually are refracted or reflected to the surface where a receiver record the electro-

magnetic signal as a function of time (Davis and Annan 1989). Changes in water content, clay fraction and

grain-size disnibution determine the reflection coeffrcients of the different materials. A GPR survey can

resolve sedimentary structures on the order of a quarter of the signal wavelength, which for the 100 MHz

antenna used for this study conesponds to approximately 0.2 m (Table l).

Tlpically, reflection amplitudes can be correlated to the contrasts between different sediment grain sizes and

can be used to identiff zones with different hydrogeological conditions. Approximately 2l km of GPR

surveys were acquired over the study area to identiff bounding surfaces and the geometry of intemal

structures within the aquifer (Figure 2c and Table l). As an example, the 100 MHz GPR section in Figure 4

depicts the general sfatigraphic architecture of the littoral sediments in the Saint-Lambert study area (see

section location in Figure 2c). Sediment profiles derived from CPT/SMR soundings, as discussed in the next

section, are also shown in Figure 4. While those profiles were not generally all available at the time of the

GPR surveys, they are presented here in support of observations and discussions.
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Table I Summary of characterization data acquisition (lield and laboratory).

Survey type fnstrument Configuration
vertical Number ofresotunon

(m) surveys
Total

tength (m)

GPR

CPT/SMR Geotech 605D

Pulse Echo 100 MHz antenna 0.2

vertek data o.o3 to o.17
acqulsltlon system

20

53

21 000

s09

Wells

Sediment
samples

MultiJevel slug
tests (Kr,)

Permeameter
tests (K")

Porosity (r)

Grain-size
distribution

Geotech 605D
with7.72 cm (3-
inch) diameter
metal casing

Geotech 605D
with Geotech
Macro-Core

Sampler

Pneumatic test
initiation system

with pressure
transducer

Falling head
permeameter with
pressure transducer

Oven at 50'C (>7
days)

Fritsch Analysette
22

5.1 cm (2-inch)
diameter PVC

direct-push well
without sand pack

3.8 cm (1.5-inch)
diameter and 1.5 m
long clear PETG

liner

Dual-packer
system

Through original
sediment cores

without
recompaction

Wet and dry
weights

Laser light
scattering

25 192 (screen
length)

9575

420 .15

0 . 1 5

0 .15

-0.01

280

59

6.5

0.6

43

59
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Several observations can be made from Figure 4. First, the continuous stratification extending several

hundred meters, shown by continuous GPR reflections dipping a few degrees (between 3" to 5") towards the

former sea (present-day St. Lawrence River in Figure 2b), is a characteristic feature of a liftoral depositional

environment (Van Overmeeren 1998). More specifically, a mound in GPR reflections located at the distance

of 350 m on the GPR profile in Figure 4 suggests the presence of a thick beach ridge that acts as a sand bar

or barrier and separates the GPR section into two distinct regions. The shoreface section lies to the left of

the sand barrier (toward A ) and the sand bar itself shows good GPR resolution and penetration depth, which

are characteristic of sandy lithofacies (as also indicated by sediment types infened from CPT113 and

CPT26) with very low content of conductive material such as clay. The good GPR penetration depth in this

zone (sandy zone in Figure 4) also allows the recognition of a till layer below the littoral sediments and

overlying bedrock. Small hyperbolas below the littoral sediments are indeed typical GPR characteristics

related to boulders or cobbles found in till. A till layer whose top varies in depth from 0 (surface outcrops) to

22 m is generally present above bedrock throughout most of the study area and its low permeability (-10-e

m/s) limits groundwater exchange between the littoral sediments and the underlying bedrock. To the right of

sand barrier (toward A), sediments are finer-grained, consisting of interbedded sand and silt layers as

suggested by sediment types inferred from profiles CPTI16, CPT24 and Pl7. GPR reflections within this

region are also bluned at a few spots as a result of more electrically conductive sediments, such clayey silt,

which generally limits GPR signal penetration. Hençe the basal till layer cannot be identified in these

profiles because fine-grained sediments limit the penetration of the GPR signal through the littoral

sequence. From other GPR surveys, we also observe a general decrease in penetration depth as we move

toward the southeast (right, away from A), which indicates that sediments are fining shoreward (from sea to

land) due to a reduction in depositional energy in this backshore setting. Finally, the water table is

approximately I m below ground surface, as indicated by water level in wells (CPT26,CPT24 and Pl7), but

cannot be identified from the GPR profile in Figure 4 due to its proximity to the surface.
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2.4 CPT/SMR soundings

On the basis of previously recognized GPR-facies, 53 CPT/SMR soundings were located (Figure 2c and

Table l) to allow further geological interpretation of the GPR surveys and to acquire mechanical and

electrical properties of sediments and establish relations with hydraulic measurements. Direct-push

soundings were carried out using a Geotech 605-D rig equipped with a CPT system including pore pressure

measurement combined with a SMR probe. As illustrated in Figure 5 (red lines) for location P17 (shown in

Figure 4), CPT/SMR probes allow the simultaneous measurement of two mechanical and two electrical

properties of sediments at vertical resolutions that range from 3 to 17 cm (Table l). A 15 cm2 penetrometer

cone with a 60o conical tip was used according to ASTM D5578-95 standards (ASTM 2000). The

penefrometer is advanced vertically into the soil at a constant rate of 2 cmls, though this rate can vary when

compact layers are met. Inside the probe, two load cells independently measure the vertical sffess against

the conical tip and the side friction along the sleeve (Lunne et al. 1997). The vertical resolution of the tip

stress (Z) and sleeve stress (,S) are 4 cm and, 17 cm, respectively. A pressure transducer in the cone is also

used to measure the pore water pressure as the probe is pushed into the ground. Pore pressure is an indicator

of the presence of clay and was used to correct T data. The SMR probe is composed of four electrodes that

are connected directly behind the penetrometer (Shinn et al. 1998). The inner two rings are used to measure

soil capacitance and the spacing between the two rings is 3 cm. The soil moisture probe operates at 100

MHz, thereby reducing the effects of soil electrical conductivity on the measurement. The instrument

measures shifts in the high frequency signal as it passes through the soil and this recorded signal is then

empirically transformed into soil moisture content or dielectric constant (D) value. The electrical resistivity

(R) measurement employs the outer two rings of the SMR probe, that are spaced 9 cm apart, to apply the

current and measure the voltage drop (pole-pole configuration). The probe operates at a frequency of I KHz

to avoid soil polarization effects.

As previously mentioned, Figure 4 shows, along with the GPR section, sediment types inferred from CPT

data to further illustrate the general sediment sequence and architecture at the St-Lambert site. Pseudo-

sediment profiles are obtained from CPT data using mechanical properties (T and ̂ T) of sediments based on

the classification proposed by Fellenius and Eslami (2000). The combined interpretation of both CPT/SMR

soundings and GPR surveys allowed the recognition of two distinct hydrogeological contexts over the study

area, as indicated by the sandy and silty zones in Figure 4. The approximate limit between the sandy and

silty zones is indicated in Figure 2c (white dotted line). Figure 2c also shows that CPT/SMR sounding
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locations are fairly evenly distributed over the study area in order to cover the full range of mechanical and

electrical properties and to map the gradual change in sediment textures and better define lateral continuity

in aquifer material, as shown in Figure 4. Thus, indirect geological information obtained from pseudo-

sediment textures derived from CPT data was used to guide preliminary site investigations before cores and

hydraulic tests were available.
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Figure 5 Example of CPT/SMR (red lines), hydraulic properties @lue line and squares) and lithological profiles obtained at
location P17. CPT/SMR parameters are sleeve stress (^f), tip stress (1), dielectric constant (D) and electrical resistivity (À).
Horizontal (I(1) and vertical (r(,) hydraulic conductivities were obtained from multilevel slug tests in the P17 observation well
and laboratory permeameter tests on sediment samples, respectively. Porosity (z) and grain sizes were obtained on the same
sediment samples used for permeameter tests. Proportions of sand, silt and clay are based on grain size analyses using
Wentworth (1922) grain size classes. P17 location is shown in Figure 2c.

2.5 Direct-push well installation

Based on CPT/SMR data obtained in real-time during sounding operations, 25 of the 53 direct-push

sounding locations were selected for the installation of observation wells to be used, among other things, to

carry out hydraulic tests (Figure 2c and Table l). All wells were installed into the same hole created by the

CPT/SMR sounding to obtain colocated hydraulic and direct-push data, which thus reduces the uncertainty
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in data analysis related to disparities in interval measurements between direct and indirect data. Each

observation well was also installed immediately following the CPT/SMR sounding with the same direct-

push rig (Geotech 605D) to minimize mobilization and demobilization of the rig.

The installation of direct-push wells followed the protected screen installation procedure proposed by

ASTM (2004). This well installation procedure does not require the use of sand-pack and the well screen is

in direct contact with sediments, which is more suitable for hydraulic tests carried out over small intervals

because it reduce skin effects on test data. The installation procedure involves, first, the hammering of a

7.72 cm OD (3 in., Geotech) metal casing with an expendable point at its base (Figure 6). The point is used

to avoid the entry of sediments while hammering'down the casing. When the metal casing is at the desired

depth, the 5.1 cm ID (2 in) observation well (PVC tubing and screen) is inserted inside the metal casing,

thus sitting on the expendable point. Finally, the metal casing is withdrawn to the surface to expose the

observation well to the formation with the expendable point remaining at the bottom of the well. The

hammered metal casing and PVC tubing diameters should have a tight fit to ensure a complete collapse of

sediments on the observation well tubing after removal of the metal casing.

Figure 6 Photos of a direct-push well installation: (a) PVC tubing (white) inserted within the metal casing that was
hammered down through sediments; @) expendable point placed at the base of the metal casing to avoid sediments entrance;
and (c) installed PVC tubing before surface grouting (the tubing is solid in its upper portion but slotted over most of the
aquifer). See also Paradis et al. (2011) for details on direct push well installation, including their Supporting Information.
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For this study, we installed fully screened observation wells across the whole saturated zone to provide

continuous profiling of hydraulic properties with hydraulic tests. Screen length for all wells varied between

4.6 to 16.8 m. Direct-push wells were also thoroughly developed after their installation to unclog screens

and surrounding sediments related to well installation operations @utler 1998; Henebry and Robbins 2000).

Each well was then developed by a pumping-surging operation at 0.5-m intervals using an inertial pump

(Watena) with a development ring until turbidity was no longer observed in the discharged water (Paradis et

a l .  201 l ) .

2.6 Sediment sampling

Generally after each CPT/SMR sounding, sediments were also sampled at a location l-2 m a:way from the

location of the sounding. Sampling was carried out with a piston-rod operated sampler (Geotech Macro-

Core Sampler) allowing the recovery of a 38 mm diameter and 1.52 m long sediment sample inside a PETG

liner (Table 1). This method was chosen mainly because it preserves sediment stratification within the core,

which is fundamental for the analysis of sediment structures and reliable estimates of K with laboratory

permeameter tests. Samples were taken with the same direct-push rig (Geotech 605D) used for CPT/SMR

soundings and well installation, which allows a series of direct-push operations at the same site in a single

mobilization of the rig. To outline the process of a typical drilling sequence as described above, it usually

took less than half a day per site, meaning two or more visited sites a day. Sample intervals were selected

based on real-time CPT/SMR responses and more than 75 cores were selectively taken. Sediments recovery

was estimated, at 83%o overall.

2.7 Multilevel slug tests in \ryells

K1, values used to establish relations with CPT/SMR data, an example of which is shown in Figure 5, were

obtained by multilevel slug tests carried out into the fully screened direct-push wells. A multilevel slug test

involves the use of packers to isolate a screened interval of a well to conduct a slug test (Sellwood et al.

2005; Zemansky and McElwee 2005; Ross and McElwee 2007). Slug tests were performed using a

pneumatic method to induce an initial lowering of the water level (Levy and Pannell, l99l) and hydraulic

responses were interpreted using the Bouwer and Rice (1976) method. A more detailed description of the

test assembly, field and test analysis procedure is provided by Paradis et al. (2011). Multilevel slug tests

were made at l5-cm intervals to reduce uncertainty related to scale disparity between hydraulic and direct-

push data and to be as close as possible to the assumption of K isotropy. A total of 280 intervals were then
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tested for K,r, (Table I ). The whole set of tested intervals was also selected to have representativ e Kt, data for

the range and occurrence of CPT/SMR responses observed over the study area (Paradis et al., 2014b).

As part of this study, in order to develop a time-efficient hydraulic charactefization approach, Paradis et al.

(2011) adapted to unconsolidated formations the use of flowmeter tests that are commonly deployed in

fractured media. A flowmeter test involves the measurement of groundwater inflow into a well at different

depths during steady-state pumping conditions to obtain a vertical profile of K6 (Hess 1986). The main

adaptation for flowmeter measurements in unconsolidated aquifers is the use of long-screen direct-push

wells installed without sand-pack, as the installation was previously described, to avoid hydraulic short-

circuits that generally bias flowmeter tests in sand-packed wells. The study of Paradis et al. (2011) shows

that the difference inlogKl, values obtained from flowmeter and multilevel slug tests for the same l5-cm

intervals (n:128) is consistently below l0% with a flowmeter profile obtained in a fraction of the time

needed to obtain the same profile with slug tests, as will be discussed later.

2.8 Laboratory permeameter tests

To verify the assumption of K isotropy over l5-cm intervals, 59 l5-cm long sediment samples were selected

to estimate K in the laboratory with permeameter tests (Figure 5 and Table l). In order to minimize

disturbance of original sediments, an automated falling head laboratory permeameter designed to directly

accommodate the 38 mm diameter PETG liner containing sediment samples was set up to determine K"

values. Each 1.52 m long sample was subdivided into l5-cm long subsamples according to the tested

intervals with multilevel slug tests. Duplicate tests carried out on a variety of subsamples indicated a high

degree of reproducibility and all K" values were temperature-corrected to a groundwater temperature of 8'C

representative of field conditions. Paradis and Lefebwe (2013) provide a more detailed description of the

experimental assembly and the test analysis procedure

As shown in Figure 5, the comparison of Kr, with Ku measurements at similar depths reveals that the

assumption of isotropy at l5-cm interval does not generally hold, with K anisotropy up to two orders of

magnitude. In addition, Ç estimates using the Bouwer and Rice (1976) method as previously discussed

neglected K anisofropy, which may result in an underestimation of Kr values (Zlotnik 1994). Thus

discrepancy between K, and Kr, values could be larger than observed in Figure 5. This suggests that both Ka

and K should be estimated for each l5-cm interval to provide representative conditions controlling flow
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and mass transport over the study site. Although under suitable conditions permeameter tests can represent a

reliable method to estimate K,, the difficulties in the experimental procedure related to soil sample

collection and manipulation may, however, limit the capability to obtain reliable estimations of K" from

laboratory measurements (Stienstra and van Deen 1994). Moreover, permeameter tests may also be time

consuming when many measurements are needed (Klute and Dirksen 1986) and are thus mostly restricted to

a small number of samples.

As part of this characterization effort, two new field tests involving undisturbed volumes of investigation

were then developed to provide suitable basis for K" estimations. The first test is a vertical interference slug

test which involves a slug test carried out in a single well between a stress and an observation interval that

are vertically isolated with a three-packer assembly (Paradis and Lefebwe 2013). An instantaneous pressure

pulse is induced in the stress interval and resulting heads are recorded in both the stress and the observation

intervals for the analysis. The second test consists of tomographic slug tests, a generalization of vertical

interference slug tests to multiple wells, which indeed involves recording head responses in additional

observation intervals in adjacent wells (Paradis 2014; Paradis et al. 2014a). For the two slug-based tests, a

fully-transient analysis that makes use of the entire hydraulic head records is proposed to reconstruct

heterogeneous profiles of K1,, K anisotropy (or K) and specific storage (S"). In proof-of-concept field studies

(Paradis and Lefebwe 2013; Paradis 2014), results indicate that profiles of K" values obtained with vertical

interference slug tests and tomographic slug tests follow similar patterns with depth that are similar to

profiles obtained from laboratory peTmeameter tests on sediments samples.

2.9 Laboratory porosity measurements and grain-size analysis

After permeameter testing, subsamples were recovered and saturated to measure total porosity (te) (Figure

5). The ru was estimated by subtracting wet and dry weights of each l5-cm subsample (Table l). Subsamples

were oven-dried at 50 oC for more than 7 days. The total number of subsamples tested for n was 43.

Geological description and grain-size analysis by laser light scattering (Vitton and Sadler 1997) were also

carried out on the subsamples (Figure 5 and Table 1) to provide geological information complementary to

the hydraulic and geophysical measurements.
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3 Data integration

3.1 Overview of the data integration approach

The general methodology adopted in this study for data integration follows the flow chart depicted in Figure

7. The application of the workflow for data acquisition presented in Figure I led to the collection of a

training dataset representative of hydrogeological conditions in the St-Lambert study area (see the "Training

DataSet" box in Figure 7). This training dataset provides mainly colocated hydraulic measurements of K7,,

K, n and direct-push parameters S, T, D and R. This training dataset is used to define HF models, hydro-

geophysical relations and hydraulic relations through the training of a leaming machine (see the "Definition

of Relations" box in Figure 7). The definition of HF models and hydro-geophysical relations between Ka

and CPT/SMR data have been described in detail by Paradis et al. (201 I ; 2014b) and only the main results

are summarized in this paper. Once HF models and hydro-geophysical relations are defined and validated,

CPT/SMR data for which hydraulic data are not available are used to convert direct-push data into HF

classes and Kn values, while hydraulic relations are used to estimate K, and n from K6 data (see the "Testing

and Prediction" box in Figure 7). Finally, the spatial distributions of HF, Kn, K, and n over the study area are

obtained through interpolation ofobserved and converted data (see the "Interpolation" box in Figure 7). In

the remainder of this section, we thus present the application of the data integration workflow in Figure 7

for the section A-A in Figure 4. In the present paper, the application is illustrated only for section A-A', but

the application can be further extended as the training dataset presented in this section was acquired to be

representative ofthe entire study area.
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Figure 7 General data integration workllow for the definition of hydraulic heterogeneity, as applied to the St-Lambert site. The blue and the red rectangles in the "Training
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3.2 Training data set

To be properly statistically compared to Kr, measurements and define reliable HF models and hydro-

geophysical relations (Isaaks and Srivastava 1989), CPT/SMR data were first resampled to a regular grid

and then rescaled to a common vertical spatial support of measurement with K1 data. Indeed, although

CPT/SMR measurements were taken at a regular time interval, the rate of penetration is not always

constant. CPT/SMR data were thus resampled on a regular grid of 2 cm using trapezoidal integration (Davis

1973). Then, to account for the different vertical support of measurements of each CPT/SMR parameter

(Table l), all direct-push parameters were upscaled to the same 15-cm intervals of Ka measurements using a

moving average. The number of data points used in the moving average was adjusted according to the

original length of the support of measurement of each CPT/SMR parameter. Descriptive statistics for

hydraulic and CPT/SMR parameters of the training dataset are presented in Table 2. Because the range of

values for most parameters varies over a few orders of magnitude, a logarithmic hansformation was applied

to normalize their distribution, as illustrated in histograms of Figures 8 and 9. The range of values for each

colocated parameter is similar, except for D and n thathave somewhat narrower distributions than the other

parameters.

Table 2 Descriptive statistics for hydraulic (r(1: horizontal hydraulic conductivity (m/s); r(v: vertical hydraulic conductivity
(m/s); n: total porosity (volume fraction)) and CPTiSMR parâmeters (S: sleeve stress (kPa); T: tip stress (kPa); D: dielectric
constânt (-); R: electrical resistivity (ohm.m)) used as training datasets.

Standard
Parameter Nbr. Mean Median Min. Max. Range _ Skewness Kurtosis- 

Deviation

logS

logZ

logD

logR

logKo

logK"

logn

r .76

4.00

1.39

2 . 1 6

-5.05

-6.39

-0.45

0 . 1 5

2.41

1.24

l . 6 l

2 . 5 1

4.42

L53

3.08

2.36

2.01

0.29

| .47

2.32

2.72

0 .16

0 .31

0.29

0.06

0.25

0.57

0.7 |

0.03

-0.96

-1.44

0.36

1.09

0.09

0.40

-0.09

2.94

3.63

0.85

3.25

-1 .  l 0

-0.62

0.95

280 1.74

280

3.94

1 . 3 9

2 . t 6

-5.04

-6.40

-0.45

-6.24 -3.92

-7.56 -4.84

-0.53 -0.37

280

280

280

59

43
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Hydraulic parameters in particular, K1, and Ku,vary over two orders of magnitude whereas n varies over less

than a quarter of one order of magnitude, as commonly observed in many hydrogeological investigations

(Castanyl963; Bear 1979; Fteeze and Cherry 1979). This shows that the primary focus of aquifer

characterization should be on K because the range ofK variation is generally larger than the range for n, and

because K acts to change both the magnitude and direction of advective transport, as opposed to n which

changes only the magnitude (Koltermann and Gorelick 1996).
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Figure 8 Matrix scatter-plots with histograms for horizontal hydraulic conductivity (1(1) and CPT/SMR parameters (.S:

sleeve stressl I: tip stress; D: dielectric constantl rR: electrical resistivity) for the hydro-geophysical training data set. The
total number of collocated intervals is 280 (80% of data points were used for Relevant Vector Macbine training a,nd 20%;o for
testing; see Figure 7).
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Figure 9 Matrix scatter-plots with histograms for horizontal hydraulic conductivity (K1), vertical hydraulic conductivity (r(,)
and total porosity (n) for the hydrogeological training data set. The total number ofcollocated intervals for tKl and ff" is 59,
and 43 for z.

The scatter plots in Figures 8 and 9 also illustrate the relations between all hydraulic and CPT/SMR

parameters with the corresponding correlation matrix presented in Table 3. As shown in Table 3, the

correlations between K1 and each CPT/SMR parameters are low to moderate, except for S where the

correlation is null. For the three hydrogeological parameters alone, the qorrelations are moderate and vary

from 0.30 to 0.59. This lack of strong linear correlations between the various hydro-geophysical parameters

suggests that the definition of relations to predict hydraulic information from CPT/SMR data is inherently

diffrcult. In the next section, we will present the learning machine approach that was adopted to model non-

stationary and heteroscedastic relations.

'318



Table 3 Correlation matrix for hydraulic hydraulic ((;: horizontal hydraulic conductivity (m/s); l(v: vertical hydraulic
conductivity (m/s); z: total porosity (volume fraction)) and CPT/SMR parameters (^9: sleeve stress (kPa); ft tip stress (kPa);

D: dielectric constânt (-); rR: electrical resistivity (ohm'm)) used as training datasets.

Parameter log^S logl logD logÀ loglÇ logK, logn

logS

logT

logD

logR

logKo

logK,

logn

-0.02

0.06

-0.02

1.00

0.70 1.00

0 .16  1 .00

0.40

0.29

0.21 1.00

0.33 0.52 L00

-0.27 -0.02 -0.09

-0.24 -0.19 -0.25

0.20

-0.29

0.37

0.30

1.00

0.59 1.00

3.3 Definition of hvdrofacies

To handle complex relations that may be present in the hydro-geophysical fraining dataset, a learning

machine approach was adopted. The training of the learning machine, as schematically illustrated by the red

boxes in Figure 7,is a three-step procedure that uses classification (unsupervised and supervised) and

regression (supervised) algorithms to build predictors for HF and Kn from direct-push data. The first step in

the training process is the definition of HF units through unsupervised fuzzy clustering (Dunn 1973;Bezdek

1981; Gustafson and Kessel 1979) using colocated Kn and CPT/SMR data. The main rationale behind the

use of clustering is that various geological materials may have discontinuous and non-stationary hydro-

geophysical behaviors and clustering allows the grouping of similar hydro-geophysical characteristics

without any prior geological knowledge. For this study, only Kn data are integtated in the clustering process

because the smaller number of K" and ,? measurements would restrict the use of the entire Kr, dataset.

Although independent relations for K" and n with CPT/SMR data could be developed similarly as for Kl, an

a posteriori integration of K and n data with colocated K6 measurements is proposed instead, as illustrated

in Figure 7.

3 1 9



The accuracy of predicted hydraulic information from direct-push data depends largely on the degree of

sensitivity of the geophysical parameters relative to the hydraulic parameter of interest. For geophysical

parameters highly sensitive (perfectly correlated) to changes in hydraulic parameter values, there will be no

ambiguity in hydraulic information estimates from noise-free geophysical data. When the degree of

sensitivity between hydraulic and geophysical parameters is less than perfect and the data are noisy, the

statistical relations between hydraulic and geophysical parameters become non-unique (Rubin and Hubbard

2005). The predictive capability of the geophysical tool to predict hydraulic information will also deteriorate

because different sets of geophysical parameter values can lead to the same value of the hydraulic parameter

of interest or a unique combination of geophysical parameter values can results in a range of hydraulic

parameter values. As described in Paradis et al. (2014b), the overlapping of HF units in the geophysical

space was used to express the non-uniqueness in the hydro-geophysical relations. A systematic procedure

was then applied to search for the combination of CPT/SMR parameters that minimizes the overlap between

the identified HF units in order to obtain the best predictive capability of the leaming machine. The number

of HF units and the similarity clustering measures were also included in this search procedure. The results of

the systematic search procedure show that the predictive capability of CPT/SMR data generally increases

with the number of direct-push parameters, suggesting that non-uniqueness between K1 and direct-push

parameters is minimized with more parameters (Figure l0). The clustering with direct-push parameter T, D

and R, with 4 HF units and using a squared Mahalanobis clustering distance (Gustafson and Kessel 1979)

was the clustering experiment with the best predictive capability. Note that the Fellenius and Eslami (2000)

classification in Figure 4 uses mechanical properties of CPT (S and Z) to derive pseudo-sediment textures

and using this classification to predict K7, would result in inaccurate estimates, as shown in Figure l0 with

misclassification error over 40%o. That justified the proposed learning machine to define a site-specific

classification to predict hydraulic properties for the study site, taking advantages of all available CPT/SMR

parameters.

The resulting data distributions for each HF unit are summarized in Figures lla-d. As seen in those figures,

the median and range of values for Kr, and each direct-push parameter are fairly distinct between HF units

with only a few outliers. In particular, the median values for K6 gradually increase from HFI to HF4 with

slight overlaps between HF units that may be attributed to the complexity of the hydro-geophysical

responses and to the transitional nature of sediments in the littoral depositional environment. In addition,

each HF unit presents distinct distributions of Kn and, direct-push parameters as expected from the various

sediments composing the aquifer that may have different hydro-geophysical responses. For instance, HF4

has higher median values for T, D, R and K1,, whereas HFI has the lowest values for the same parameters.
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Figure l0 Misclassilication error associated to the non-uniqueness between hydraulic and CPT/SMR parameters for all
combination of geophysical parameters. The clustering for tbis figure is for 4 hydrofacies units using a squared Mahalanobis
clustering distance. The red arrow indicates the geophysical parameter set used for this study.

Data distributions for K" and n measurements associated a posteriori to each HF unit are also presented in

Figures 1le-f. Based on median, 25%o quantile and7S%o quantile values, HF units for K, and n are generally

distinct from each other and follow essentially the same hend as for K1,, except for HFl. The comparison of

median Kn and, K" values for each HF unit indicates that K anisotropy ranges from 0.05 to 0.2 for HFI and

HF4, respectively.

Finally, grain-size analyses were used to provide a geological meaning to the HF units, as illustrated in

Figure llg. According to the trend in minimal andmaximal mean grain-sizes (M),coarser sediments are

associated with more permeable and porous HF units. It should be noted that the volume of sediments used

for the grain-size analysis is much smaller than the volume of the l5-cm subsample and then M,valuesmay

show some fluctuation within a subsample. This may explain the large variations in M"within each HF unit,

as expressed by the spread of 9%o quantile and 9l%o quantile values. Also, the small number of sediment

samples for HFI (n:4) may explain the deviation of M" for this unit with respect to the tend observed for

HF2 to HF4.
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Figure ll Data distribution for each ofthe four hydrofacies resulting from the clustering experiment with the best predictive
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according to Krumbein and Sloss (1963). A small M, value corresponds to coarse sediments.

3.4 Definition of hydrofacies models, hydro-geophysical relations and

hydraulic relations

Although the clustering process revealed associations among the hydro-geophysical data, unsupervised

clustering cannot be used to make predictions. Thus, to obtain predictive models, previously defined HF

units and their related hydro-geophysical data are then trained in a supervised manner, as illustrated in

Figure 7. Two training processes are mn in parallel. First, direct-push data for CPT/SMR parameters

retained during the clustering process (7, D and, À) along with corresponding HF labels are trained together

using a relevance vector machine (RVM) for classification to be able to recognize HF units from direct-push

Sediment types

T

(G)

++

-l-
f t

;ï
+

(B)

I

I

/-
t l
L]

I
I

I

-]
t l
?r I

I (E

+

+

322



data (Figure 7, step 2). Second, Kr measurements and direct-push data associated with each HF vnit (7, D

and R) are used to define hydro-geophysical relations specific for each HF unit using a RVM for regression

(Figure 7, Step 3). The rationale for selecting RVMs is their ability to produce relations with good

generalization capability with sparse and nonlinear data (Khalil et al. 2005; Camps-Valls et al. 2006; Samui

2007; Ghosh and Mujumdar 2008). The main idea behind RVM is to use a kemel function to linearize a

nonlinear problem into a higher dimensional data space and solve the linear problem within a Bayesian

framework, which returns a nonlinear regression in the original data space (Tipping 2001).

To train the learning machine and test the obtained relations, the hydro-geophysical training dataset was

split into training and testing sets using 80% and 20oÂ of the data, respectively. The optimal model

parameters (e.g., kemel type and kernel window length) for both RVM classification and RVM regression

were retrieved using the training set through cross-validation and predictive performances were assessed

using the testing set. The testing process followed the same procedure used to predict HF unit and Ka from

CPT/SMR data, as illustrated in Figure 7, where for a particular vector of direct-push data the HF class is

first identified using HF models, and then the associated hydro-geophysical relation is used to predict the

correspondinB Ka value using the same data vector. To avoid the bias in selecting the testing set, 100

different combinations of training and testing sets were randomly selected and applied in turns. Results of

the verification process for the 100 training and testing sets have shown that the median percentage of

misclassified HF unit resulting from the classification with the RVM is 14% (Figure l2a) and this

misclassification error was atfributed to the non-uniqueness that exists between Ka and direct-push data.

Meanwhile, the median linear coeffrcient of correlation between field and predicted Kr, values from the

RVM for regression was 82%o (Figure l2b).

Although Kn data are generally easy to acquire with conventional hydraulic tests to obtain a representative

dataset for the study area, HF unit should ideally also be characterized by K" and n values to be meaningful

for flow and transport modeling. Those K and n measurements are however diffrcult to acquire because of

the restriction generally imposed by sediment sample collection and manipulation for laboratory

measurements, as previously discussed in the section on data acquisition. This therefore restricts the

acquisition of large datasets for those parameters and their direct integration with the larger training dataset

of Ka and direct-push data at the clusterihg stage would reduce the reliability of the defined HF units

because ofthe reduced size ofthe training dataset. Then, it is proposed to integrate K" and n data a posteriori

after the clustering step by association with colocated K6 data, as illustrated in Figure 7. Hydraulic relations

that link K" and /, measurements to K6 were thus developed for each HF unit using independent RVMs for
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regression and a total of eight relations were available to predict K" and n from Kt data. Note that since K" is

defined through a regression with K6, K anisotropy for each HF unit as well as within each HF unit can be

different and comparable with the colocated measurements.
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Figure 12 (a) Confusion matrix comparing, with â testing data set (n:56 observations), the HF classification obtained by the
relevance vector machine (RVM) classification to the original classification made by fuzzy clustering. The diagonal indicates
the observations for which both classifications âre identical (HFl 6/7, 860/o;HF2 18/20,90%o; HF3 11/14, 79%o;IJF4 l3ll5,
87oÂ; overall4El56,86Vo\. Off-diagonal observations were misclassified by RVM classification. (b) Comparison of horizontal
hydraulic conductivity ((1) measured with multilevel slug tests with the estimation made using RVM regression with the
same testing data set as shown in Figure (a).

3.5 Prediction and spatial distribution of hydrofacies and hydraulic properties

The learning machine being optimally trained, each vector of direct-push data available for the study area

was converted into hydraulic information as shown in Figures 13a-d for each of the direct-push soundings

available along GPR section A-A'. Direct-push data were resampled and upscaled to a common l5-cm

interval before applying the sequential predictive procedure to estimate HF, K6 K" and n, as illustrated in

Figure 7. Direct-push parameters T, D and R with 4 HF units, as previously discussed in the section on

clustering, were used for predictions. Results of the conversion show distinct vertical profiles of HF, Kt, K,

and n for the zones in front and behind the sand barrier, similar to the trend observed in Figure 4 with

pseudo-sediment profiles. Also, the converted direct-push data are generally in fairly good agreement with

measnred profiles of K1,, K, and n, as illustrated in Figures l3b-d for location Pl7. Note that for the purpose
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of predictions with the learning machine the whole training dataset was used to make use of all available

information and thus increase the generalization capabilities of the RVMs.

Figures l3a-d also present spatial distributions of HF, Kn, K and n obtained from the interpolation of

converted direct-push data along soundings. For the purpose ofthis papeç spatial distributions ofhydraulic

information (HF, K6 K, and n) were obtained by interpolators built with RVMs, as proposed by Smimoffet

al. (2008) for lithological reconstruction with a similar supervised learning algorithm. The construction of

the interpolators is similar as the previous process of HF models and hydro-geophysical relations definition,

except that hydraulic information and spatial coordinates of observations are used instead of hydraulic and

geophysical data. For instance, a RVM for classification is used to interpolate HF units, using converted HF

information along soundings and corresponding spatial coordinates (CPTI13, CPT26, CPTI16, CPT24 and

Pl7 in Figure 13), whereas a RVM for regression is built for each hydraulic property (Kn, K" and n). Note

that this RVM-based approach can be qualified as a geometrical interpolation (for classification or

regression) technique and its intent, as used in this study, is to provide a visualization tool to map the

information contained in the converted CPTiSMR data. Then for the sake of the visualization,large kernel

window lengths were used to provide more generalized spatial representations with fewer details. As shown

in Figures l3a-d, thin layers that likely have small spatial continuity are not mapped and information that

dominates the data set is favoured (smoothed). As briefly discussed later, geostatistical simulation of

hydraulic information to constrain the heterogeneity of the study area is addressed by Brunet et al. (2012).

Figure l3a presents the most probable spatial distribution of HF units along the GPR section shown in

Figure 4 resulting from the integration of HF classes and corresponding spatial coordinates into a RVM for

classification. From this interpolation, we clearly see the transition from the sandy zone (HF4) to the silty

zone (HFl-3) with the juxtaposition of the coarser HF4 over the finer HF units as can be expected from

wave and current dynamics in a littoral depositional environment. Figures l3b-d also present results of the

interpolation for K1,, K" and n, respectively. Similarly to HF interpolation, hydraulic properties with

corresponding spatial coordinates were integrated into RVMs for regression. For K6, K" and n interpolations,

hydraulic properties were interpolated individually for each HF unit with independent interpolation

parameters. In order to preserve the relationships betrveen Kn, K, and n observed in the training dataset, the

same RVM interpolation parameters were used for all parameters. As illustrated in Figure 13b, the sandy

zone is more homogeneous and permeable than the silty zone. Moreover, we observe a general decrease in

K7, values shoreward (from A to A) as can be expected from a reduction of the littoral energies as we move

behind the sand barrier. Similar observations can also be made in Figures 13c-d for K" and r, respectively.

325



tr A
Hydrofacies

600
CPT24

0

^ 2
E+
c
g 6

$e
t r r o

1 2

ô
^ 2
Ec
c
. 9 6

Ee
u 1 0

1 2

1000
logKâ (m/s)

1000
logKv(m/s)

-5

-o

n (o/")
000

cPTl13

+--7€-s 600 -e-J-Ë--s

cPTlto CP121

Figurel32Dspatialdistr ibutionof(a)hydrofacies(HF)unit;(b)horizontalhydraul icconductivi ty(À' l) ;(c)vert icalhydraul icconductivi ty
GPR section A-A' (location in Figure 4) based on the interpolation of the recognized HF units and the estimated hydraulic properties based on vertical direct-push soundings
using the approach shown on Figure 7. Colour intensities in (a) are proportional to median K1 values of each HF in Figure 11d.

0

^ 2
9+
c
. 9 6
6

à 8
u l o

1 2

0
2

9 4
. e 6

à 8
IJJ 10

1 2

5"

Vertical
exageration
1  r 1 0

326



4 Discussion

4.1 Time effïciencv of Kh characterization methods

Although the benefits of the whole data acquisition and integration process may be difftcult to quantiff, it

may be worthwhile comparing the time effrciency of the hydro-geophysical data integration approach to

estimate Ka from direct-push data, as applied in the characterization effort presented in this paper, with

various conventional hydraulic tests. The hydraulic tests are multilevel slug tests and flowmeter tests in

wells and laboratory permeameter tests on soil samples. These methods have been extensively used over the

study area, either for production or research pu{poses, which allows fair estimates of the time required for

data acquisition and analysis. For comparison purposes, we evaluate the time required for each method to

estimate K6 at l1-cm intervals along 50 l0-m long vertical profiles (500 m in total), which corresponds to

the approximate total number, average length and vertical resolution of CPT/SMR soundings that were

carried in this ttrAy 1tuUt" l). On the basis of the characterization work carried out with the four selected

methods, we estimated of the time required for data acquisition and analysis, as summarized in Table 4 and

illustrated in Figure 14. It should be noted that the results of this analysis are approximations that may vary

according to the geological context and the experience of the field team.

As expected, permeameter tests carried out on sediment samples required more time than any other method

(Figure 14) due to the collection in the freld and subsequent laboratory preparation of the samples (Table 4).

Moreover, although permeameter tests could be carried out continuously with depth within an aquifer, in

practice partial sediment recovery may preclude the testing of certain intervals, as can be appreciated in

Figure 5 where the K profile along Pl7 obtained from permeameter tests is discontinuous. It should be

noted also that the assumption of K isotropy (Kn:K) should be met to obtain valid estimates of Ka values

from permeameter tests because the flow induced with such tests is generally perpendicular to the naturally

deposited sediments layers. As illustrated with profiles of Kr, and K, in Figure 5, sediment samples smaller

than 15-cm would then have been required to get permeameter measurements representative of Kn for the

study area. Alike permeameter tests, an approach based on the conversion into hydraulic information of

lithology obtained from sediment observations (e.9., Klingbeil et al. 1999; Heinz et aL.2003; Kostic et al.

2005) would also be time consuming to characterize the aquifer at the level wanted for this analysis.

Geological interpretation of sediment samples is nevertheless essential to understand the hydrogeological

context and the degree ofheterogeneity ofthe site.
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Table 4 Time needed to acquire 500 m of horizontal hydraulic conductivity meâsurements (K1) at 15-cm intervals for
different methods. Does not consider mobilization and demobilization times nor duplicate and quality control tests and data
analvsis time.

Method

Vertical
resolution

(m)

Total time for
500 m of Kh

measurements
at 15-cm

interval (hour)

Comments
Time per

unit

CPT/SMR

Flowmeter tests 0 . 1 5

Multilevel slug
tests

Permeameter
tEStS

0 . 1 5

0 . 1 5

0.05 to
0 .16

1.5 h per 10-
m sounding

7 hper lO-m
well

33 h per l0-m
well

99 h per lO-m
well

483

700

3600

Well installations (48 h), multilevel
slug tests at 8 locations (280 h), data
analysis for the definition of hydro-

geophysical relationships (80 h).

Time to reach steady state pumping
râte and data analysis (50 h), well

installation and development (300 h).

Data analysis (1650 h), well
installation and development (300 h).

Includes samples preparation and data
analysis. Sediment sampling (167 h).5lt7

Complementary work

Well installation
and

development

Sediment
sampling

6 hper l0-m
well

0.5 h per 1.5-
m core

300

167

Includes I h for well installation and
5 h for well development.

Assuming isotropic conditions at the
scale of the sample.
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Figure 14 Total time to acquire 500 m of horizontal hydraulic conductivity ((p) values at 15+m interval for three
conventional hydraulic testing methods (flowmeter tests, multilevel slug tests and laboratory permeameter test) actually
measuring properties and estimation using the hydro-geophysical approach based on direct-push soundings. Details about
estimations are provided in Table 4.

Though multilevel slug tests take about 25Yo less time than penneameter tests for the same testing interval

length (Table 4 and Figure 14) and continuous profiles of Kn can be obtained more easily within long-screen

observation wells, this method is nevertheless quite time consuming. Much of the time for multilevel slug

tests is spent on hydraulic testing itselt in particular for less permeable intervals, as well as on extensive

well development, which is essential to get reliable estimates of l(1, (see supplementâry materials in Paradis

et al. 20ll). lile note that the time estimated for multilevel slug tests is somewhat overestimated because it

considers that wells are used only for hydraulic testing purposes. In a broader data acquisition perspective

for contaminant characterization those wells can serve multiple purposes (e.g., geochemical sampling) and

the time for well installation and development would be distributed over all the operations. For accurate

estimates of Kr, with multilevel slug tests over small intervals, tested wells should be preferably installed

without sand-pack to avoid the skin effects of the sand-pack. If that is not possible, the characteristics of the

sand-pack should be at least taken into account during the test data analysis.

As illustrated in Figure 14, flowmeter tests are a fairly sffong improvement in data acquisition time for Kr

estimates. After reaching steady or quasi-steady state pumping rate in a well, flow measurements with a

Tme to acquire 500 m oi Kh
values at 1s-cm interval

CPT/SMR Flowmeter Slug tests Permeameter
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flowmeter generally require only a few minutes per interval and thus a complete profile of Kr, can be readily

obtained (Table 4). The average K7, value to transpose flow measurements into specific K7, values can also be

easily obtained from the pumping data itself or from a slug test performed over the entire length of the

screen. However, the limit of sensitivity in flow changes of a flowmeter may hamper Kr, estimations for

low-Kn intervals and only threshold values can be obtained. Also, the large drawdown induced by the

pumping in very low-K6 wells may preclude the testing of intervals at the top of the aquifer. As for

multilevel slug tests, flowmeter tests in unconsolidated aquifers also require proper well installation without

sand-pack and extensive well development to avoid hydraulic short-circuits.

Finally, the direct-push based approach relying on site-specific relationships appears as the more time

efficient one (Figure l4). It should be noted that the time estimate for this approach includes the time

required for the installation and development of 8 direct-push wells and for the testing of 280 intervals with

multilevel slug tests, as done in this study. Unlike well-based methods, once the hydro-geophysical

relationships are defined with enough wells no more wells are required and only direct-push soundings are

carried out, which could considerably reduce the overall characterization time because the time to carry out

a CPT/SMR sounding without well installation and development is relatively short (Table 4). Flowmeter

tests instead of multilevel slug tests could also reduce the data acquisition time related to hydraulic testing.

The tested intervals for Kn to build the training dataset should however be carefully selected to allow the

establishment of hydro-geophysical relations that are representative of the study area. Also, data integration

for the definition of site-specific relations requires a large amount of time and the time estimate for data

analysis provided in Table 4 obviously assumes a certain degree of familiarity with the statistical tools.

For instance, if GPR data had been used instead of CPT/SMR data for the establishment of hydro-

geophysical relations, it would have been possible to considerably increase aquifer characterization

efficiency, as in this study it took approximately half the time to carry out the 2l km of GPR surveys in

comparison with the 53 direct-push soundings (Table 1). Obviously the vertical resolution of the GPR

surveys is larger than the vertical resolution of the CPT/SMR soundings, but for lateral aquifer

heterogeneities that cannot be captured by direct-push soundings due to the spacing between each sounding

by respect to the spatial scale of the heterogeneities, GPR surveys can then be valuable. For the study area,

the strong attenuation of ttre GPR signal over much of the silty zone often hindered permeable sand layers

under thick silt layers, which limited the use of GPR data for hydraulic properties estimation. Another

limitation of the GPR method that may not be only specific to the study area is that GPR surveys only

provide information about dielectric constant, which may weaken the predictive capacity of the GPR
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method due to the limited number of geophysical parameters available to correlate with hydraulic data. This

indicates that for surface-based geophysical methods in general, several geophysical survey methods along

the same section can be necessary to get reliable conversion of geophysical data into hydraulic properties.

Future work on hydro-geophysical data integration will focus on the use of GPR information either as an

additional variable to CPT/SMR data at the wells or to guide the hydraulic information interpolation

between wells.

Meanwhile, vertical interference slug tests carried out along a single well (Paradis and Lefebvre 2013) could

also increase the efficiency of the overall charactenzation process. Indeed, vertical interference slug tests

required about the same equipment and testing time as conventional multilevel slug tests and provide at the

same time Kp and, Ku values. Thus, the adoption of vertical interference slug tests instead of multilevel slug

tests could increase the number of Ku measurements required to establish a better training dataset and

replace permeameter tests on soil samples. However the time for data analysis of vertical interference slug

tests may be longer than for multilevel slug tests, especially for heterogeneous profiles that may require

numerical inversion to retrieve hydraulic properties.

Finally, hydraulic tomography as proposed by Paradis (2014) and Paradis et al. (20I4a) could also be used

as a complement to vertical interference slug tests to estimate both Kr, and K"values, but the need to have at

least two wells closely spaced is surely more demanding operationally than a single-well test. Tomography

may then be more relevant for the definition of medium-scale three-dimensional heterogeneity in K6, K,and,

S" over a relatively small study site. For regional hydrogeological investigations, if multiple wells closely

spaced are available, hydraulic tomography may nevertheless be an interesting replacement to conventional

pumping tests. A low-density tomographic coverage can be obtained in an equivalent amount of time as an

intermediate duration pumping test, but provides more information about hydraulic properties and their

respective structures. It is noted that the knowledge of hydraulic property structures is essential even for

regional hydrogeological investigations that generally require average values over large volume of aquifer,

because of the bias induced by the averaging procedure for highly heterogeneous conditions (e.9., Wu et al.

2013). This knowledge needs to be then taken into account in the up-scaling process to obtain representative

hydraulic property estimations over large volumes of aquifer.
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4.2 Complementary work

In relation with this work, other complementary work was carried out at the St-Lambert study area. To

further increase the confidence in the spatial distribution of hydraulic properties obtained over the study

area, which are illustrated in Figures l3a-d, complementary work have been carried out by Brunet et al.

(2012) to constrain the structure and hydraulic properties of the heterogeneities with vertical profiles of

hydraulic heads measured in wells. Indeed, it has been shown that variations in hydraulic heads measured at

different locations within an aquifer can indicate the degree of continuity of aquifer heterogeneities between

wells. In their approach, a multi-points simulation scheme (Strebelle 2002) was combined with an inversion

algorithm (e.g. pilot point, gradual deformation) method to constrain the Kn spatial distribution with

measured a 3D hydraulic head distribution.

Moreover, geochemical and groundwater age profiles obtained along wells were measured by Tremblay et

al. (2012) to be used to constrain the simulated velocity field in the aquifer by a numerical model. For

instance, Kn, K and n fields obtained in Figure l3a-d can be used within a numerical groundwater flow and

age transport model to generate groundwater residence times that can be compared to measured age profiles.

Similarly to multilevel heads, both the heterogeneity structures and hydraulic properties can be tuned to

match monitoring data. We note that this approach has been already successfully applied elsewhere (e.g.,

Murphy et al. 2008).

As an alternative to the approach presented in this paper, Ruggeri et al. (2013) proposed the integration of

surface-based electrical resistivity tomography (ERT), direct-push resistivity probe and sparse Ka

measurements to estimate high-resolution K7, distribution along ERT sections. In this approach, ERT surveys

are indeed used as background to extrapolate away from wells K1, data, instead of relying on interpolation

algorithms to distribute hydraulic information as done in this paper. To date this approach has been

successfully applied for ERT surveys in the sandy zone (see Figure 2c).

Finally, to overcome the difficulties to infer the ground velocity models in processing GPR survey data,

Gloaguen et al. (2012) proposed the integration of direct-push relative permittivity and electrical resistivity

logs with GPR surveys data to convert the radargram time scale into depth. This approach was developed to

better estimate GPR reflector depths and eventually make better use of GPR surveys for hydraulic

properties estimations.
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5 Summary and conclusions

This paper presented a workflow developed and applied for the characterization of hydraulic property

heterogeneity at an intermediate scale (a few km2;, which is a relevant scale for the numerical modeling of

groundwater flow and mass transport in relation with contaminant source zones and receptors. This

workflow was applied to a 12 km2 study area for the study of the migration and natural attenuation of a

leachate plume emitted by a decommissioned sanitary landfill in a shallow littoral unconsolidated aquifer

(Tremblay et al. 2013). The characterization approach is based on the use of high-resolution indirect

hydrogeophysical data and targeted acquisition of direct hydraulic data. Extensive GPR surveys were used

to provide the context for the selection of optimal locations for CPT/SMR soundings, and the installation of

colocated fully-screened direct push observation wells for a subset of the locations to allow hydraulic tests.

The approach then relies on the statistical conversion of CPT/SMR data into hydraulic information through

the development of site-specific hydro-geophysical relationships using a learning machine approach. The

hydrogeological parameters included horizontal hydraulic conductivity (fi) data measured in observation

wells using 15-cm vertical resolution packer slug tests, and vertical hydraulic conductivity (K") and porosity

(n) data obtained from testing sediment samples in the laboratory. CPT/SMR parameters included resistance

to penetration (tip stress, Z), mechanical friction (sleeve stress, ̂1), dielectric constant of bulk sediments (D)

and DC electrical resistivity (R). All colocated hydraulic and direct-push data were upscaled to a common

vertical resolution of 15 cm for the purposes of establishing relations between CPT/SMR measurements and

K6. The acquisition of a training dataset representative of the range of sediment types found in the study area

to train the learning machine was based on a top down approach where information on the regional geology

and GPR surveys were used to identify CPT/SMR sounding locations, select colocated observation well

locations and sample sediments to cover the whole range of hydraulic and direct-push responses. Four

hydrofacies (HF) units representing sediments with distinct hydraulic properties and hydro-geophysical

relations allowing the prediction of Kn from CPT/SMR data were defined for each HF unit by the

combination of fuzzy clustering and relevance vector machines for classification and regression,

respectively. Sparse laboratory Ku and n data were integrated a posteriori with colocated K7, measurements

and site-specific hydraulic relations defined for each HF unit. The conversion of available spatially

distributed CPT/SMR data over the study area provided data on HF, K1,, Ku and n that can be used to define

hydraulic property heterogeneity in the study area. An example of hydraulic property interpolation is

provided for a GPR section in which multiple CPT/SMR soundings are available as well as direct hydraulic

data.
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Thus, this work recognizes the importance of site-specific characterization data to develop a sound

understanding of processes associated with flow and transport in aquifers. Although a conceptual

hydrogeological model can be developed for a specific site from generic data through analog systems or

measurements taken elsewhere on similar geological materials, each site is unique and thus site-specific

characterization is likely to provide representative characteristics of the site. Although the probing methods

used and the relations defined in this paper are site-specific and may be not directly useable in other

contexts, the general framework for data acquisition and data integration is general in its basic principles

and could be readily generalized to other hydrogeological contexts with different hydraulic and geophysical

characterization tools. In this regards, the key findings of this study are summarized below.

The coarse to fine data acquisition approach allows rational, systematic and progressive data collection. This

procedure, as developed and applied in the study area, was designed to minimize the number of investigated

sites while maximizing the quality, extent and significance of the collected direct and indirect data. For

instance, the definition of a general hydrogeological conceptual model through regional geology, GPR

surveys and CPT/SMR soundings allowed the targeting of specific intervals for multilevel slug tests, which

reduced time consuming hydraulic testing, and ensured the coverage of the entire range of hydro-

geophysical and hydraulic responses observed over the study area. This general framework to data

acquisition provided a representative and complete training dataset for the learning machine approach used

to assess hydraulic properties from indirect CPT/SMR data. Obviously, according to the scale and the

hydrogeological system studied, any comprehensive combination of characterization tools can be used as

proposed in this study.

CPT/SMR soundings appear as a promising tool to characterize heterogeneity in hydraulic property for

shallow unconsolidated aquifers with sediment grain-size finer than gravel. The depth of investigation of

direct-push tools generally depends on the applied load and mechanical properties of sediments. In sandy

unconsolidated aquifers in the absence of coarse gravel or pebbles, depths of up to 40 m can be reached.

Moreover, the use of a multi-parameter probe, such as the CPT/SMR, reduced non-uniqueness between

geophysical and hydraulic properties by providing a series of geophysical parameters that provide

complementary information on hydraulic data. However, for hydrogeological investigations where direct-

push tools cannot be used, surface-based methods can replace CPT/SMR soundings. To obtain the same

benefits of a multi-parameter probe with surface-based geophysical methods, several methods would have

to be used in conjunction. For instance, mechanical properties of sediments can be obtained from

compression and shear wave components of seismic reflection surveys similarly to tip (Z) and sleeve
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stresses (S) data of a CPT probe. The dielectric constant (D) and elecffical resistivity (R) estimated with a

SMR probe could also have their equivalent with GPR and ERT surveys. However, the choice of

geophysical methods will always depend on the physical properties of the geological material investigated

(e.g., Telford et al. 1990; Rubin and Hubbard 2005) and their respective sensitivity to hydraulic properties.

Reliable statistical relationships between hydraulic and hydro-geophysical parameters are critical for

successfully employing geophysical data for hydraulic properties characteization. In this study, among the

multi-parameter CPT/SMR probe used to reduce non-uniqueness between geophysical and hydraulic

properties, the use of clustering to separate distinct hydro-geophysical responses and of RVMs to handle

complex statistical relations contributed to the development of relationships with good generalization

capabilities. For the littoral sediments aquifer found in the study area, gradual transitions in sediments posed

a serious challenge to aquifer characterization. For instance, small changes in grain-size distribution that

only show small changes in geophysical properties may induce large variations in hydraulic conductivity

due to the change in grain-size that dominates the pore structure (e.g., Koltermann and Gorelick 1995). For

environments with sharp contrasts in lithologies, with corresponding contrasts in both geophysical and

hydraulic parameters, HF recognition is expected to be easier and hydraulic property estimation errors

associated with HF recognition lower. Also, the need to use several geophysical parameters associated with

hydro-geophysical parameters non-uniqueness could be alleviated. Nevertheless, CPT/SMR data through

site-specific hydro-geophysical relations appear to contain enough information to infer the hydraulic

property heterogeneity of the granular aquifer in the study area. Indeed, the interpolation of converted

direct-push data along vertical profiles into hydraulic information shows that spatial distributions for HF, /(6,

K" and n reflect the sedimentary architecture of the littoral aquifer, which involves HF unit inter-digitation

and spatial trends in hydraulic properties between and within HF. This suggests that the learning machine

approach proposed here is robust and its use could be generalized to other characterization problems.

The amount of hydraulic data needed to build statistical relationships, and for hydrogeological

characterization in general, is also important and efforts have to be dedicated to the development of more

efficient hydraulic testing methods. In particular, methods that can provide reliable information about K" and

n, which are generally diffrcult to acquire, would be essential to provide a more complete picture of the

parameters that control groundwater flow and contaminant transport. The number of data needed to build

representative relationships or to cover the study area is however difficult to assess, and this concern would

be guided through experience and knowledge of the local environment. The use of fully-screened

observation wells installed without sand pack using a direct push method was a key component of our
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charucteization approach. These wells allowed high vertical resolution (15 cm) packer slug tests to be

carried out and provide continuous profiles of K7, over the full range of materials found in the study area.

Such wells also promote the use of less time consuming flowmeter surveys that can also provide high-

resolution continuous vertical profiles of Ç (Paradis et al. 20ll). Such wells are also needed to implement

vertical interference tests (Paradis and Lefebvre 2013) and tomographic slug tests @aradis 2014; Paradis et

al. 2014a) that can provide more complete measurements of hydraulic properties (Kn, K and S"). While

hydraulic testing in open holes in consolidated formations is usually unrestricted by hydraulic short-circuits,

direct-push wells installed with screens in direct contact with sediments offer a serious altemative to

conventional wells, which are prone to hydraulic short-circuits due to the use of sand pack, for high-

resolution hydraulic testing in unconsolidated aquifers. Note that direct-push hydraulic tests have been also

proposed to avoid the limitations of conventional wells such as direct-push injection logging (Dietrich et al.

2008; Liu et al. 2009; Lessof et al. 2010), the hydraulic profiling tool (McCall et al. 2009; Kôber et al.

2009), direct-push slug testing (Butler et al.2002), and the direct-push permeameter (Butler et at.2007).

A hydro-geophysical approach to characterize the heterogeneous hydraulic properties of aquifers is

significantly more time effrcient compared to conventional hydraulic testing approaches. The approach

proposed takes advantage of the spatial coverage offered by CPT/SMR soundings, while minimizing the

number of time consuming hydraulic tests. That is, for a similar characterization effort, much more

hydraulic information could be obtained from a hydro-geophysical approach than from a conventional

hydrogeological approach based exclusively on core descriptions and hydraulic tests. In keeping with this

study, where we illushated the benefits and the feasibility of implementing such a hydro-geophysical

approach for a shallow unconsolidated aquifer at an intermediate scale of a few km2, future work will be

needed to adapt and further develop this type ofapproach for different hydrogeological contexts and scales.

Considering the environmental and societal costs that may be due to the insuflicient characterization of

aquifer systems, those efforts would certainly be justified.
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