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Theis vs non-Theis aquifer

Defined by the shape of the cross-flow surface A

Theis Non-Theis
Cylindrical Elliptical
(homogeneous isotropic aquifer) (homogeneous anisotropic aquifer)

Source cylindrique
(puits de pompage)

Surface A(r)
cylindrique
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Any shape (heterogeneous aquifer)




Radial vs non-radial flow regime

Defined by the transient growth of the cross-flow area A(r)
where r(t) is the travelled distance from the source at elapsed time t

Theis Non-Theis
Cylindrical Elliptical
(homogeneous isotropic aquifer) (homogeneous anisotropic aquifer)
A(r) ~r = Radial A(r) -r = Radial

n=2 Source cylindrique
(puits de pompage)
Surface A(r)
cylindrique e
r
e ——

Any shape (heterogeneous aquifer)
A(r) ~r
- Radial

Definition of the radial flow regime : A(r) ~r
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Non-radial flow regime

Barker’s GRF theory (1988)
» Radial flow regime : A(r) ~r

» Generalized Radial Flow (GRF) regimes : A(r) ~r "1

where n is the flow dimension, a new — non intrinsic — hydraulic parameter

1000.000 — T - (for large u, i.e., large t or small r
Drawdowns S —>at the source, from very short t)
w0000k |0g-derivative
ds/dlog(t) Direct reading: n=2-2p
10,000

p : slope

n = 2 : radial flow regime (plateau)

dsp/d log (tp)

0.100
- n # 2 : non-radial flow regime
0.010 0\“&4 =1: linear
pentep=v=1-n/2 *3" = db s iUs
0.001 R, T n = 3 : spherical
10° 10 10* 10°
tp=1/u n non-integer : fractional

n =1.5: bilinear
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Log-derivative diagnostic plots

_— Adimensional drawdown

VALUES of n ™= R .

- - T Adimensional drawdown log-derivative
21 oottt < n sequence: 2-2 ¥ ds/dlog(t)

g 0’ l.. 2 g '...W’.

s o Eo 0000000000000009°°

gL - nsequence:2 {2 2

e Theis Imperfeable beundary Choosing the adequate conceptual

. ' = ' model prior to quantitative

| Leaky aquier (Hantush) | — | Infinite K fault (Gringarten) es.tlmatlon of hydrauhc; prppertles
ot E— using drawdown log-derivative curves
Z: 3;:::”"’“‘5-:.““ i; Lot 2

af 2 5 B4 1 sequence: |

n sequence: 2 1-2
b . . Diagnostic plots are commonly
Double porosity ; ;

| Warren and Root) ...+ 2|, used in the petrolegm industry

| S e ]1¢ Recharge 1 for 3 decades, but still scarcely

i G 2 5“”""""""2 *,,, boundary used in the hydrogeology field

of .” .0'. ér .”0’ E

_nsequence: 2 h sequence: 244

t
D =

Most classical interpretative models are radial (n=2) = poorly univoque

Only univoqueness is provided by their multistage character
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Multistage response : TE T 7 Dmwdwm ] o
composed of a sequence of n Jio+ £
marking successive flow = -

. = 1.4 @
regimes as the frontal cross- | = - {1 ¢
flow surfaces A(r) propagates | £ derivative 1 &

. : 3 N Jio 2
into the aquifer (front pulse) 2 e ] ®
= Horizontal boundaries - O 7 &
A(r) ~ g (n-1) reached ¥ hne 410" 2
North and south lateral Eastand west 3 &
i ) boungaries reacheld Boundarly reached 110t ™
Example from a numerical Tt 10 1t 1 1
simulation of a pumping test _ Elapsed time, (s)
from a point source |Section .
(homogeneous isotropic medium) view W Impermeable top and bottom boundaries E
| BE [ [ [ I l/ @71 [ [ 1T 1
0o 100 200 30 400 500
w. 0\\ E _
Point
Constant- o il source Constant-
head west head east
boundary boundary
Evolution of n during the 2. Cylindre A(r)~rt=>n=2
pumping test : scan Of 80Impermeable north boundary O Q
hydraulic conditions in the Map Zg
aquifer view
0
n sequence:3-2-1 0 100 200 300 400 500
Impermeable south boundary

(;perical —radial — linear)
3D numerical flow simulation performed with Hydrogeosphere (Therrien and Sudicky, 1996)



Multistage

Monostage

Non-radial /
non-radial

Autres
(transitions)

Radial /
radial

Radial /
non-radial

> Multistage responses are largely dominant > Non-radial responses occur in 83 % (34/41)

(radial/non-radial, non-radial/non-radial) : 80 %

Nombre d'apparitions

25

41 sites
20 étudiés

20

15

10 .

1 1-2 2 2-3 3
Dimension d'écoulements, n

Less than 17% of cases (7/41)

actually validate Theis
postulates

» Specific valuesofn=2,n=1,n=15andn=3
are more frequent than any values

See Rafini (2009) for details
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P3_9 . . ISt Eustache ,
o= ] E 1=0.400000 | ool fmnan
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What do these non-radial multistage signatures
— . mean ?7?
Sl e Could it provide an advanced caracterisation of 3
e T undeground hydraulic properties (diagnostic tools) ?

- Necessity to develop new interpretative tools that
can handle the complexity of real signatures




Numerical flow modelling into idealized systems

Experimental approach in the aim of

» Constraining the hydraulic conditions in which non-radial and multistage
responses occur

» Develloping advanced diagnostic tools for pumping test interpretation

Configurations presented
» Faulted aquifers (with various fault dip)
» Variable-thickness aquifers

Finite element codes : Geo-Slope and Hydrogeosphere
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Faulted aquifer

Hydrogeosphere 3D flow modelling

Determining the transient hydrodynamic interactions between a non-impermeable
matrix and a fault of any attitude, during a pumping test

Steeply faulted aquifer

Matrix: K., ; S¢n
Fault: K;; S

Top and bottom borders
no flow

Rafini et Larocque (2012)
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W

Serial simulations with variable matrix
@I conductivity and storativity

Early fractional flow regime

The aquifer response is governed by fault
and matrix transient hydraulic interactions
Slopep=025>n=2-2p=15

- Estimation of the fault transmissivity

Late matrix-related radial flow regime
Cylindrical Theis-like conditions, the aquifer
response is not governed by the fault
properties anymore

- Estimation of the matrix transmissivity

Log-derivative plot allows

» A confident diagnostic of the presence
of a conductive fault : caracteristic flow
dimension sequence 1.5 -2

p—

2
—

ds/dlog(t)

» Estimating distinctly the fault and the
matrix hydraulic properties (K, S) rather
than bulk aquifer properties

e a2 i “'..~!l = Much more accurate knowledge of
il i hit i the aquifer behaviour
12 1.E00 1.E01 1.E02 1.E03 1.E04 1.E05 1.E06 1.E07 1.E08 1.E09

Time (s)

—
-

.,

=3
—
Pany

0.001




Several flow dimension sequences in faulted aquifers

HYDRAULIC FAULT MODELS
and flow dimension sequences

@ Fault-related radial flow
@ Fault- to matrix-related

~| Vertically faulted media: (2-4)-1.5-2 radial flow transition
2 Non-connected A . i
- 5 A 026 s Top and bottom @ Fracflonal flow n ; 1.5
> 2 N B @ boundaries are @ Matrix-related radial flow
S 15 @ il > reached before t,’
- il -
a {4 fault-source distance estimation
= Inclined-fault media: 2-1.5-2
g ®
> © 202 | O,
% 2 1.5 e 2
= {,: fault inclination estimation
= Generalized horizontally
2 faulted media: 2-<2-2 2
8 o o
o 7/ it t," occurs before top and
% @ 9 @ bottom boundaries 23::%3;::
2 & i are reached

Low T/ T ty" fault_ inclination

log ¢ matrix diffusion

Rafini et Larocque, 2012

Each flow dimension time period corresponds to a specific flow regime as the
front pulse propagates into the fault-matrix system

These n sequences are strictly controlled by fault and matrix geometrical and hydraulic
properties - diagnostic tool
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Multistage diagnostic plots for faulted aquifers

log (ds / d{log 1)) log {ds / d{log t))

log {ds / d{log t))

Vertically faulted model

Inclined fault model

g n sequence:2-15-2
P 1.5 3 2 1.5
1 nsequence: 1.5-2 g t,: estimation of
Cinco-Ley et al, 1998 the fault inclination

logt Rafini et Larocque, 2009 % logt RafinietLarocque, 2012

Non-connected vertically Non-connected composite model
faulted model = S Tog2

g 2
2 \/ 2 = -
4 1.5 g 4
n sequence:2-4-15-2 2 5
Abbaszadeh and Cinco-Ley, 1995 n sequence:2-4-2
logt Rafini et Larocque, 2009 log t Rafini, 2009
Non-connected vertically

Generalized horizontally faulted composite mode
faulted model % Ty 5
/ i =] ™=

< @ 2
2 2 15
2 nsequence:2-<2-2 ~| nsequence:2-4-15-2

logt Rafini et Larocque, 2012 log t Rafini, 2009
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Pumping well

TEELEEFEEELER

Elfv_ation (m)

Substratum’s
inflexion point

Impermeable
substratum

Several
simulations with
variable slope from
8°to 35°

Constant-
~ head lateral
boundaries

N
v

35m

K =5.10°m/s

Ss=1,6.103m1

Q =6,28.103 m3.s1
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Variable thickness aquifer

Serial simulations with variable substratum inclination from 5° to 39 ° Early radial tlow regime

Theis-like regime before the

8 I A |||||||| BSLLRSRN |||'|||| [ |||| T £ ont pul hes th
« | Classical representation (Cooper;Jacob model) | ront puise reaches the
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14 T BT e e NSt
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12 y‘a_f"'(‘ Wﬂ T TT -[ ﬂ
127 Misinterpreted i _ _
~ == recharge boundary . Spherical flow regime
é g | to=] .lTh f | — h | i . Variable thickness aquifer
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= E “*ﬂ.ﬁj& i ] and the inclined
1.E-02 ! el T
T (DI=E0 HESE T substratum (that produces
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1.E-03 e flow area). Low sensitivity
*!; to fine variations of the
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s pos I LTI ||||| | TSt o e e .
.02  1.EO03 E04 1.E05 1.E06 1.E07 1.E08 1.E9 _ 1.E10 ° 1TUE recharge boundary is

17 time (s) not visible
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Synthesis - Conclusions

Most pump test conventional interpretative models only account for (monostage)
radial flow regime, which is actually of very limited occurrence in nature

This rough approximation produces erroneous interpretations of heterogeneities
like the substratum inclination as a recharge boundary

Diagnostic plot approach along with Barker’s flow dimension interpretations provide
more accurate qualitative and quantitative diagnostic of hydraulic conditions
as they account for finer drawdown variations in non-radial flow regimes

Ongoing works at the University of Québec at Chicoutimi (UQAC) :

» Anouck Ferroud’s Ph.D. (in progress)
- Numerical modelling for understanding physical conditions related to various flow
dimensions sequences (non-radial and multistage) obtained in the nature
- Field verification for constraining numerically-derived theoretical models : packers
tests, tracer tests, geophysics (TDEM), structural survey, well-logging

* Programming a software for pumping tests interpretation with these tools :
SIREEN 1.0 (in progress)
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