3 o > -"" ; & . .

it

The use Qf straddle packer testmgta :
hyd”raullcally characterize rock boreholes for
contammant transport studles f

Patryk Quinn, John Cherry, Beth Parker

[UNIVERSITY
oGUELPH

Presentation for the Solinst Symposium
November 7, 2013

o 360



r\ = Thlg TaTk s based o’n SR

¥ ,f" P Cherry, J Parker B. (2011) Quantlflcatlon of non- DarC|an
‘w,__ﬂ w observed dmlpg‘}ﬁ‘aokertestmg in fractur'ed sedlmentary rock,
e ‘“Water R"esour,ces Research e - & ke -

s > .‘. — od ° \Q,M

n "‘»‘l

-

k.

s Qumn P Parker B Cherryz J. (2011) Usrng constant head packer
‘ tests to determlhe apertures in fractured rock; :}ournal of Contaminant

,ﬁﬁydrogeology ~;

* Quinn, P, Cherry, J., Parker B. (2012), A versatile packer system for
high resolutron hydraulictesting in fractured rock boreholes,
Hydrogeology Journal

...Quinn, P.M., Parker, B.L.; & Cherry, J.A. (2013), Validation of non-
Darcian flow effects in slug tests conducted in fractured rock boreholes.
Journal of Hydrology, 486, (0) 505-518

* Quinn, P, Cherry, J., Parker, B., A synergistic approach to obtain aquifer
parameters in fractured sedimentary rock using two types of single-hole
hydraulic tests , (to be submitted to Journal of Hydrology in 2013)




Sed

-~

tary Rock

imen




! 0
¢ |

L
-~ 3 -

P \ ,w‘y g S S iv~|»~"-- e B o, v

.¢ v, <

General Goal for Investlgattens of
em‘tammated Sltes in Fractu red Rock
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Understand the ex:st/ng contaminant
d/str/but/on and predict future
contaminant behavior

Rock Core Analysis — characterize existing contamination

Numerical Models — predict contaminant behavior over time
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Dlscrete Fracture Network Approach (DFN)
- for Modeling Groundwater Flow and

== Contaminant Transport

500

400

100

Simulations are very sensitive to aperture

Plume In
ihterconnected
network of
fractures with
variable length
and aperture
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~in fractured rock?
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V represents line path from A to B
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Vv represents line path from A to B
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The Darcy Law Approach for Estlmatlng Vv

:w-—»)

J

; (Equ.wa'len't Porous Media Approach)

Darcy flux

iy _pore space available for flow

k&
dL

" effective porosity

How can effective porosity be obtained for
fractured rock?
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Relatrbn Between Fracture Aperture and
- Bulk Fracture Porosrty 2
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¢b N (21?) ‘ Aperture

\| o \ Number-of Fractures/meter
Ideal Slabs Bulk Fracture Porosity
1]

Assuming an Impermeable

Idea/ CUbeS rock matrix :@367
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Bulk Effectlve Porosnty for Packer Tests
B m Fractured Rock (¢b) ;

w = ——

NUmberof Fractures = 4 _
present = ~xFracture.aperture (m)

¢§N<zb>/
SSE R

Nuntoer of Fraciures \ Test Interval Length (m)
Actively Conveying water ¥

Average aperture value for the test interval :E.Q‘“T



Whaj’ IS a Str_addle | = TWo rubbér pac'kersl*
Packer Test? o are inflated to
r ~== | isolate a portion of
,A depth alscrete | the borehole
“"hydraulic test in a
fractured rock |
borehole
. /Test Interval
= | =
' e N
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Four Types of PackerTests are
“ydraullc Tgs;ts - usedto get T values,
- ConstantHead fracture apertures
Step Tests . ~and average linear
_-2.Slug Tests groundwater velocity
3:Pumping Tests ﬂ
4.Recovery Tests . Test Interval
(Injection — /
or ARY
Withdrawal '
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Overall Goal of Straddle PacRer Tests
ln Contamlnant Slte Studles :
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o In each!e’_s; interval: —

| -""p'érform a cbmprehensive suite of hydraulic tests

- lo obtain the best possible T values for calculating
hydraulic apertures for velocity estimates with
minimum error and uncertainty
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i i Typical
Test Type Test Typical Typical ] Head and
Volume Test Analysis Analysis Elow
Results Method Graph

Q Thiem Head = Constant

Intermediate
2 Ly Flow = Constant
o)

Constant
Head Step

onAH r,
Time Q

(For each step)

i Hvorslev
Ei'ggg Radial Flow ) e o s
Instananeous | gpq P 7 = slope(d,) 11{ n ] Headand Flow = = :
. Slug Rising 2n 7, h{ﬂj Variable ) . ‘ > s
- Head| Spherical Flow AHo :
r - slope(4,,) " L \ il -
Time 7 Time S S e
Cooper-Jacob _ o Y
Constant 5 Straight Line Flow = Constant h..' e b
Rate Large Method s N ’
Pumping . 230 Head Variable (3 \ oo
" 4nAs ;
} Time Log time "
Recovery Theis Recovery
after constant Large P Method s Head and Flow
rate pumping o230 Variable
47tAs'
Time Log t/t
T = Transmissivity Assumption for all methods :
Q = flow rate
rw = well radius 5 . .
ro = radius of influence Darcy’s Law is Valid
s = drawdown
A, = cross sectional Pumping/Recovery Tests can be Injection/Recovery or
area of riser pipe . - .
dP = applied pressure Withdrawal/Recovery (Withdrawal/Recovery is shown above)




Down Hole

(A) oW
Equipment

Injection

l

Mini-
Packer

Test
Interval

(B) Inside Trailer

Valves for greater flow control

Flow
Meters

Pump for
filling tanks

P and

: injection
[ [ T %

Constant Head InjectionTanks
(with sight gauges)
| I | |

Compressed Nitrogen

tests

recovery

(C) Slug Test Equipment (D) Pumping Test
Equipment
Pressure
Release
T Valve X?rggtsophe re Outflow
I Grundfos 2”
— ‘ = pump
sl
casing
grlgzsgrgczguum Check
is completed Valve
BRE Air 5
K Pump Fits inside !
| : 2 inch casing,

University of
Guelph Packer
Testlng System

Create a 2" temporary
well at each test
interval depth using
Solinst well casing

Conduct all four types
of hydraulic tests

"o 360
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Trailer Set Up — CH Step Test

| 2-inch PVC
riser pipe

y '360
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i‘Péckér‘ Testing |

Air pump for
pneumatic slug tests

Mini-packer for Constant Head Step Tests
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Packer Testlng Equnpment

[ *."'n 4/

Datalogger

PVC Pipe ~1000 ft —Q—

Transducer reels and flow meters
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Llst of Potentlal Non-ldearEﬁects

B

3. 5 4 - ~
~— ./ e
B . ~ ’ o e

‘r Short cnrcultmg from the test. mterval to the open
~ borehole< =~ , . -

2= Initial equm.brlum condition
3.~ Non-Dareian flow
4. Fracture dilation/contraction
5. Dual permeability effects

When any of these non-ideal effects are significant, the
T values will deviate from the “True” value
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o Shor[ Curcmtlng from the Test lnterval to the :

Open HoIe st N

-q\’

-

‘ 1 Packer short c:rcu:tmg

between the packers and the
borehole wall (no delay.in the
response)

1.Formation short circuiting
through the formation (some delay
in the response)

Both of these types of short circuiting
causes T to be overestimated
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o \-f\j: Condition | open Tole above | |- GONNECt all fractures
S Pressure % o
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Typical

Test Type Test Typical Typical P Head and
Volume Test Analysis nalysis Flow
Results Method Graph
G Q —~ _ Thiem Head = Constant
onstan .
Intermediate I
Head Step P 0 . Flow = Constant
T = e ln{—”}
T o o (For each step)
g Hvorslev
\ Eaelggg Radial Flow o
|nStanan60US Sma” P \‘\\\ - 7= slope(A4,,) = \\\ Head and Flow
Slug //Rising 2n 7, 111( AH j N . Variable
/ Head| Spherical Flow AHo
T oo Hebelte) Time
Cooper-Jacob A -
Constant Straight Line | Flow = Constant
Rate Large Method s e
Pumping ;230 e Head Variable
 4nAs L
Log time
A
Recovery Tl\f/?etiﬁ Féecovery B
after constant | Large eho g| Head and Flow
rate pumping 7o 230 | Variable
4 As' K .y
Time Log tit

T = Transmissivity

Q = flow rate

rw = well radius

ro = radius of influence

s = drawdown

A . = cross sectional

area of riser pipe
dP = applied pressure

Assumption for all methods :

Darcy’s Law is Valid

Pumping/Recovery Tests can be Injection/Recovery or
Withdrawal/Recovery (Withdrawal/Recovery is shown above)



(A)

Down Hole
Equipment

Injection

l

Packer

Interval

(B) Inside Trailer

Flow
Meters

’,,A) (./

Y X
[T T

Valves for greater flow control

>

Pump for

filling tanks

and

\ injection
recovery
tests

Constant Head InjectionTanks

(with sight ga
| I

uges)
|

Compressed Nitrogen

. University of
Guelph Packer

(C) Slug Test Equipment

Pressure

Release  \ent to
T }alve Atmosphere
o
. =
] { <}
Fits on topi
of2Ainch
casing — ——  Closed when
pressure/vacuum
is completed
Ar b
: I Air
S Pump
S
1 I
| 1
! ;

(D) Pumping Test
Equipment

Outflow

Grundfos 2”
pump

Check
Valve

Fits inside
2 inch casing

T -

£
-

S

-

~

-

»—

- Testing System

't 4

Constant head
step tests use the
mini-packer inside
the 2-inch Solinst
well casing for

Injection
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€ = Constant Haaé” Step 'Fests
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US&'r coustaﬁt heaT ste‘ﬁ*tests @o determme
when Darcy's Law apphes because packer
_test data- analysns assumes Darcian flow.

.'/

Darcian Flow: Q is directly proportional to dH




- Darcian (Linear) Flow

|

s = ‘Darcian Flow is identified when the flow rate (Q) is
~ directly proportional to the Indiiced head change (dH)

dH
Zero flow causes Q = K4 I
zero dH

Pressure Differential (dP)

Y Flow (Q) s 360



10
| 9
23 Pressure + 8
225 1 t7
1 c
22 - g g
T°o3
21.5 1 143
21 T32
20.5
,_l 1
20 T T 0
0 20 40 60
Time (minutes)
Zero flow causes
Z

zero dH

Non-Darcian Flow

Leakage, fracture
dilation or
hydrofracing

Flow (Q)

Adapted from Atikinson, (1986)
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| Non-Darcian

3
Q (L/min)




Causes of Non-Dar01an E Iow

73’?701‘ due to turbulent flow but other causes:

(From the Literature) .
— _form force caused by obstructlons in the fluid flow path
~— deadwater volume changes with flow rate
— surface roughness, aperture variations
— fluid bending at the entrance to the fracture
— contact area changes with increasing sample size
— fractures with different size apertures in the test interval

The smallest flow area of the test is the
fracture openings at the borehole wall

o

= 360



‘,;»9; 2 ‘Qwr;h P Cherry)' J"'"Pa“rker B (2011) Quantification of non-Darcian
_>~ flow observed during packer testing in fractured sedimentary rock,
| Water Resources Research
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Bulk Effectlve Porosnty for Packer Tests
B m Fractured Rock (¢b) ;

w = ——

NUmberof Fractures = 4 _
present = ~xFracture.aperture (m)

¢§N<zb>/
SSE R

Nuntoer of Fraciures \ Test Interval Length (m)
Actively Conveying water ¥

Average aperture value for the test interval :E.Q‘“T



Equivalent Porous Media
Conceptualization

Individual Parallel Plate
Conceptualization

Measure Ty, in test interval

Measure Ty, in test interval

Assume an interconnected fracture
network as an ideal equivalent porous
medium where bulk fracture porosity

represents the effective porosity for flow

Assume flow is equally carried by all
fractures and analyze a single fracture

Estimate the number of hydraulically active fractures in the test interval

Estimate or measure a representative hvdraulic gradient across the domain of interest

Calculate hydraulic aperture

1
o[
PN

(Assume all [ractures are the same size)

Calculate the individual fracture T

7=l
TN

(Assume all fractures are the same size)

Calculate bulk fracturce porosity

Caloulate the hydraulic aperture

_ N(2p) L
b=— 217:(12;@.]3
L =test interval length &
Calculate bulk K .
Caleulate fracture K
kL :
CL ¢ =L
2%

L = test interval length

Calculate Darcy flux and O

- 4q
=k, == 4
q L ¢

=5

Calculate Darcy flux and ©

dH
=\_.'=K’—
1 Codx

fractures have dlfferent
sizes, the parallel plate
approach determines
values for v for each

sized fracture
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- lrregularity of a Real Fracture




_f . ‘.ﬂ-' '«.‘" ;,)' “—-,

Concept of Hydraullc Aperrure

Actual Fractu re

&

|deal Aperture
Smooth Parallel Plates

Sharp and Maini, (1972)

Hydraulic Aperture | 2b

Hydraulic Aperture

Rough Wallls and Locally Variable Aperture
e N
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N Parailel Plate Dlscrete Fracture Approach for
—os N Estlmatlng v §
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~ In‘a Single Fracture:

Velocity
profile




e = '.,\“" Y R s N .

We Need to obtain hydraullc aperture
S N \‘ : (2b) values *

Use the Cubic Law
‘(Snow 1965)

X
Y “"“b"

- ——

1
;
5 (22

_ﬁ

N = number of active fractures
in the test interval

T is bulk rock transmissivity
determined from hydraulic tests




Slmplest case Assume One Fracture

M

A P

Borehole

I — Test Interval
o

V

12 ul’
2

Conduct a hydraulic test to
5 obtain T and calculate 2b

2b =

If more than one fracture is actually present 2b will
be too large and velocities will be overestimated
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We Need to obtaln hydraullc aperture
S N \‘ : (2b) values *

Use the Cubic Law

,(Parallel planer smooth fractures)

\
o aw‘\,?

P

1
3
p — 12 uT

_ﬁ

N = number of active fractures
in the test interval

T is bulk rock transmissivity

determined from hydraulic tests
D




ol V- N N T

- "'More practlcal Assume More Than One ,

S \

~——
v

Borehole o 5 T

& 1/ Test Interval zb = 12 ﬂT
PEN

Conduct a hydraulic test to
< obtain T and calculate 2b

We assume all fractures present are the same size,
SO we get an average 2b



i ',_‘-' -

ot et S Y o S TR D
Concept of Effectlve Fracture N
—rAperture in a Fracture Network )

-— \

‘ o ‘. B(?L‘ehOIG '“‘ e SN | Bor_ehole

("N

terval

. Test Interval
/

A

Simplify to parallel plates

Even though large fractures are present near the borehole, flow may be
governed by small fractures away from the borehole, therefore, the aperture

calculated from a hydraulic test are typically smaller than those identified Wltb_/_‘
the acoustic log a@m
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How Do We ldentlfy the Number of

-
- ——_

. vﬁ‘ Actlve Fractures? .

- ~

~ A

o, Core I'o'g"(_la"rgest EboreT fr‘éctures) :

“+ Acoustic televiewer (less fractures than core)

« Newer methods of identifying “active fractures”

= Active Line Source (ALS) temperature logs
— non-linear flow behavior

"o 360
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\.‘ b o .. ‘" V

v

- Reynolds Number (Re)

advective forces
- Re = =

viscous _ forces

Re=@\

M No consensus on
Where: characteristic length
o = fluid density for fracture flow

v = velocity
D = Characteristic Length
w = fluid viscosity
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“.'Usir’mg‘tl"\'e tﬁé Onset df'ribri.-.arci;n._F low to -
... ldentify the Number of Active Fractures

v A = I
E 1.8 1 I 0
C S E 161 | %4
SN SR
Eero. s
R C =S o 1 A st S 2. o
Cc S 08 - | ‘// -~

M < 06 | N
§0.4f |y,_.}’/
K O-EM.
A i 1 2 3 4 5 6
<

Qc Q (L/min)

Re is dependent on velocity
velocity is dependent on aperture
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4 ~ ~_ One Fracturer

& ' mcreasnng aperture 3
- Assumlng_ja single fracture in
2 | ~each testinterval leads to a
R weak correlation
- 100 200 300 400 500
2b (microns) Choose the Number of Fractures
4.5
3‘5‘ All data from one
Choosing the number of , | borehole
3 : 9 1
fractures in each test interval =~ £ ,. .
based on the onset of non- £ 29 R? = 0.9581
Darcian flow results in a 1'*:“
stronger correlation s
0 T T T
0 100 200 300 400
2b (microns) _a_
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Using Re, to Aid
- in"Choice of . -

Use the Q vs dP plot to identify linear data
Calculate Darcy-Missbach exponent for each step

Project backwards if all data is non-linear with log-log plot |

Hydraulically
Active Fractures

One Fracture

14
12| Increasing the
0| number of
g .| fractures moves
g the point diagonally
£ 6
o

2b (micrometers)

4

Determine Re. assuming a single
fracture in the test interval

4

Plot calculated 2b vs Re,
assuming a single fracture in the
test interval

A
Refine plot by changing the
number of fractures in the test
interval to calculate 2b and Re; to
improve correlation




AP S e EXarmpler .
T ‘De;‘zth Transmissivity | ATV Fractures ] Core P - g ‘ 7 Aperture T~
= - Distributions
= Guelph Tool MW-26
: - = .
| ) g Transmissivity profile from
=——— packer testing a-borehole and
é the resulting aperture
— distribution.
—
V= More realistic alternative
— than assuming all fractures

-

are hydraulically active
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!

> - 3 -
o\ S o

| 5
e — s“ Ko o 2 . M

o v @ the test |ntervaI can dlffer close to an order of~ |

= x""’ -

magnltude |f a srngle fracture IS assumed VS. the
number of fraetures as |dent|f|ed rnthe core log and
~the ReC approach for selecting the number of
hydraulically active fractures offers an alternative to

the selection based solely on visual methods.”

Quinn, P.M., Parker, B.L., & Cherry, J.A. 2011. Using constant head
step tests to determine hydraulic apertures in fractured rock. Journal
of Contaminant Hydrology, 126, (1-2) 85-99.



Typical

Test Type Test Typical Typical . Head and
Volume Test Analysis Analysis Elow
Results Method Graph
Constant Q1 Thiem Head = Constant
Intermediate —
Head Step 3 Flow = Constant
__ 9 %
= N ln[—}
T an e (For each step)
i Hvorslev
Falling Radial Flow 0
Instananeous slope(4,), (r, AN Head and Flow
Slug =il Passr IH[Z) 111(ﬁj N Variable
Spherical Flow AHo N
7 - Lertliu) Time
Constant ggg%ehrt- J,_?ﬁg b 4 Flow = Constant
Rate Large Method s e
Pumping ;230 e Head Variable
 4nAs L
Log time
A
Recovery Theis Recovery
after constant Large Method s | /,/ Head and Flow
rate pumping 7o 230 7 Variable
4mAs' % oy
Time Log tit

T = Transmissivity

Q = flow rate

rw = well radius

ro = radius of influence

s = drawdown

A . = cross sectional

area of riser pipe
dP = applied pressure

Assumption for all methods :

Darcy’s Law is Valid

Pumping/Recovery Tests can be Injection/Recovery or
Withdrawal/Recovery (Withdrawal/Recovery is shown above)
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Packer Testing System —
Rising and Falling Head Slug Tests UnlverSIty bt b
Shut off d :* ‘
Vacuum/pressure Valve Neadle Guelph S'Ug "“*
Release Valve
vave N2 [y estlng ystem
~ ¢! |Vacuum/pressure
i pump
Facker ] Conduct pneumatlc
Lines Datalogger _ ‘.S'jug tests: us|ng a
Falling Head Slug Tests : pump Capable Of
Create vacuum  Release vacuum prOdUCing pgsitive and
in 2" pipe to start test _
Main f — — negative pressure
Packers ﬂﬁ_—J¥
e 2 “~_ Replace the air column
es 2) ,
Interval i Rising Head Slug Tests Wlth Water
[ | Replace the water
~ < column with
 Pressurize % . .
g o ‘Release pressure
he2pipe e pressurized air
Transducers measure pressure at three locations,
1) above the test interval, 2) in the test interval, 3) below the test interval




Falling Head Slug Tests

Water Column Head in Pipe

D @

Water flows Falling

into pipe Head

from formation = Slug

Test

Water flows
back into
formation

Transducer Measured Water Pressure

0] 2
Water flows Falling
into pipe Head
from formation Slug
Test
N
777777 “u ya Water flows
1% back into
formation
’ /
x]z:;:lu:nz Vacuum
ELLS Released

@ 4 Release

\

TN
& ®
e —5
F Vacuum
,,,,,, Hﬁ'ﬁ!ﬁej’
,,,,,,,Hi’“f"f’l‘

Rising Head Slug Tests

Water Column Head in Pipe

@) A Release

¥

\;) @

e ol —

Pressure |

(1) Water flows | 2 Rising
out of pipe Head
into formation;  Slug

Test

\ Water flows
back into pipe
— from the formation

Transducer Measured Water Pressure

1 Water flows 2 Rising
out of pipe Head
into formation Slug

Test

Water flows
back into pipe
from the formation

! |
Pressure Pressure
Initiated Released

ambient
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'-‘.Pneumatlc By Toc: -
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-~

1. Main testing
valve

Attachmentto ey, 3 AL e Y &\ 5. Airline to

| 2” test casing diaphrgm pup




. Head (m) - ¢ 04
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1135 1 °

113
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(VI

1000 2000 3000 4000 « 5000 6000 7000 8000

Time (second‘s)

Head (m)

117

116.5 4

116

ot T

115 A

115.5

114.5

Typical Falling Head Slug Tests

2000 4000 6000 8000

Time (seconds)

-?;Typlcal Pneumatlc
Slug Tests
Test Procedures

Conduct large displacement
rising head test to help
develop the test interval with
strong inflow of water

Then conduct multiple tests
at varying initial
displacements
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;«» Slug Test Analysis — HvorslevMethod

A.S.SbfmpthnS‘ e

(Stralght Line Me?hod)

~~

1» The ﬂow rate can be calculated from the water level (WL)

chaﬂge in the riser ptpe S

e

—

Falling head test

H,

H,

2. Aslug test can be considered a transient analogue to

steady-state tests

Q. =FKAH,

X

Shape factor depending on well geometry

o 360



C7 Zone 2 (116.59-118.11 m btoc) Head Data ]

816 1 A B C7 Zone 2 (116.59-118.11 m btoc) Flow Data
8155 _,c - <_>B
) A - riser pipe is depressurizing X - 5
\ B- flow is developing 2
815 C- flow and pressure are in sync |
o A-riser pipe is depressurizing
8145 . B- flow is developing
s C- flow and pressure are in sync
814 15
o
E 8135 h =
E | E
-] =
8 | <
T 813 L 3
2
‘R
81.25 'y
i
81.2 {
8115 05
81.1
81.05
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 0
Time (seconds) 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (; )

Plotting the flow rate from the pressure data can be used
to consistently determine when the test begins

L






In dH/dHo

-0.5

BH-2 Rising Head Slug Tests (30-40 mbtoc)

~5
“»

-0.35

04 -

-0.45 4

Slope « T largest —
N~ displacement
\\.\ %‘w. e,
S ~~ (smallest T)
—79cm ) ';i, }
— oam S_mallest BN
---32m displacement p
— —7.3sm (largest T)
------ 9.58m
1‘0 210 36 4I0 50
time (sec)

Decreasing T (slope) with increasing initial
displacement is evidence of non-Darcian flow




1.6E-05

1.4E-05

1.2E-05

1.0E-05

» il

8.0E-06

LY, AN i
T (m2/s)

6.0E-06

4.0E-06

2.0E-06

0.0E+00

- > Non-Darcian Flow

«— Darcian Flow Range

Initial Displacement (m)

10

12




I I
1.80 C-7 Zone 2 (382.5-387.5 ft btoc) |
160 . : : Darcian
= Flow
e o | | Range 2
E 1.20 I I P
£ . I
o 1.00 . :
£ I I
3 , | I
® 0.80 # Falling Head Slug Tests * I I
_% B Rising Head Slug Tests I I
Q 0.60 A CH Step Test ¢ . I I
ANL CH Step Test | |
0.40 .
. I I
e | I
0.20 - *
A [* <l
0.00 - . . : | A | .
0.0E+00 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04 1.2E-04
Transmissivity (m2/s)




1.2 Falling Head Slug Tests
Steady-state

Darcian flow
]

Transient i
Darcian ' Rising Head Slug Tests
flow '

.
08 - N \ * - 0.8
|
|

0.6 - ; P 06
Constant ; -
Head Step i * -
Test :

e
e

0.4 - - 04

Initial Displacement in Slug Tests (m)
| 4
dH in CH Step Test (m)

L through the origin o

0.2 - - 02

o-—“’(!. 0

0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05 6.0E-05 7.0E-05 8.0E-05 9.0E-05
Flow (m3/s)

The relationship between the initial displacement vs. the maximum
flow calculated for a series of slug tests is very similar to the constant
head step test dH vs. Q relationship
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"‘Ihﬁ%tudy ShOW§ that small displacement slug tests :
' "(20‘2 2 m)’ Produce T values that are close to the
- values‘obtained by constant head step tests in which-
; lt;gparouan assumption was validated, providing |
~evidence that slug tests, when properly performed,
~_canbe used to characterize the flow system in
~ fractured rock bareholes.”

% "t LN P, .),,." - o A )

f = ¥ D A o/
. ﬁ & ‘-/ » :- » . S

2 : 7

a\
o R

~ .
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Quinn, P.M., Parker, B.L., & Cherry, J.A. (2013), Validation of non-
Darcian flow effects in slug tests conducted in fractured rock
boreholes. Journal of Hydrology, 486, (0) 505-518
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\Synerglstlc Approach for determmnng Ss in
Fractured Rock using Slngle Well Tests -

~ -:r_

gy In Qach test mterval conduct two dlfferent
‘ types of tests: AR |

f,._.

i 1 )Constant Head (CH) Step Test
; : 2.) Pumping Test

- assess non-ideal effects in each test

- Minimize errors and uncertainties of each test
using the results from the other test



Typical

Test Type Test Typical Typical P Head and
Volume Test Analysis nalysis Flow
Results Method Graph
G Q —~ _ Thiem Head = Constant
onstan .
Intermediate I
Head Step P 0 . Flow = Constant
T = e ln{—”}
T o o (For each step)
g Hvorslev
\ Eaelggg Radial Flow o
|nStanan60US Sma” P \‘\\\ - 7= slope(A4,,) = \\\ Head and Flow
Slug //Rising 2n 7, 111( AH j N . Variable
/ Head| Spherical Flow AHo
T oo Hebelte) Time
Cooper-Jacob A _
Constant Siraight Line ' Flow = Constant
Rate Large Method s e
Pumping ;230 e Head Variable
~ 4nAs T
Log time
A
Recovery Tl\f/?etiﬁ Féecovery B
after constant | Large eho g| Head and Flow
rate pumping 7o 230 | Variable
4 As' K .y
Time Log tit

T = Transmissivity

Q = flow rate

rw = well radius

ro = radius of influence

s = drawdown

A . = cross sectional

area of riser pipe
dP = applied pressure

Assumption for all methods :

Darcy’s Law is Valid

Pumping/Recovery Tests can be Injection/Recovery or
Withdrawal/Recovery (Withdrawal/Recovery is shown above)
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Thlem Equatlon for Smgle Well Tests

| ~ Steady-State
,ﬂr Q constant <~ :
¥ ,'/_\ . o | A
e o ol
L =Ee= b 2ALRR T =
Q== iCCtEI Rgee T I % MR A2 Measured
AH = change in hydraulic head [L]--------------—--- Measured
r,, = radius of borehole [L]----------------oommmee Measured
r, = radius of influence (ROI) [L]-------- Assumed
T = transmissivity [L?/T] -==---=-mmmmmmmmm e Calculated

There is error due to the r, assumption
(1m < ro < 100 m = error up to a factor of 4.6)

=

= 360
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Constant Flow: Rate Pumpmg Tests
' Transient Flow

\ R e
ar“"’“\v’ e

~r —

' j'ponstéﬁt ra.ts\p'umpmg tests are the best type of
hydraulic -tss't to determine specific storage

A common view in the literature is that single-hole
teSts do not provide useful Ss values

Static water level

— T — — f— — — — — — —

=~ || 44— %4 Equilibrium
S e v level Therefore, need values
] | r1 f for head at two locations
1 2
Confined
b aquifer :—a‘ﬁ
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B> = Pumplng Test Analysns
* w - Cooper-Jacob Method

Can approxmate the Theis equation by using the first 2
“term in the infinite series

— Smallror Iarge times

7S

AH~£1n 2.25T¢
4l

Plot In(time) vs. drawdown (semi-log plot)

O H25TL,

47AH e 12
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Pumpmg Test Results (C1020ne15)

04y

Yo “"‘\3

| —

P

drawdown (m)

0.12

— -

T

0.1

0.08

0.06

0.04

0.02

__T=3.2x10° m?/s

o

‘COOper-Jacob arip'ro'ximation .

Ss=0.68 m? «— unreasonable

One hour of pumping in
1.5 m test interval at a
rate of 600 ml/min

S is found after substituting
the coordinates of a point on
the semi-log plot line once T
is known

Jacob (1950)

In (seconds) B 5360



B NN R

Synerglstlc Approach |

f . \:I-,ﬁ.‘)se the Cooper-Jacob apprOX|mat|on to; .
B f_j’-j sohfe for S dlrectly usmg the DarCIan 6] value

. — -
> —

el  2.25TF 4nTs
-5 = o (22T 420

2. Use the Cooper-Jacob approximation to solve
for the ROI of the CH step test using:
- the Darcian T value
- the calculated S value,

- the largest Darcian flowrate,
- and a small ROI drawdown (0.005 m)

2.25Tt
‘r —
EXP 41[Ts) s

."‘




Conduct Constant Head Step Test

(with 3-5 steps)

Q vs. dH Analysis Plot

—

Determine:

Ambient Head |
—>
Darcian Data ‘
i

Darcian Qyx
Determine

Darcian T with |

e 4 R

r"' "

Conduct Pumping test
(Injection or withdrawal) at
larger flow rate for 1-2 hours

— . —

Cooper-Jacob Semi-log
Analysis Plot

T

Cooper-Jacob T is smaller
than Darcian T from Constant
Head Step Test - Flow is likely

non-Darcian

|

Calculate S using
Cooper-Jacob

Thiem Equation
ROI=30m

Calculated

\ 4

Approximation with
Darcian T

|

Calculate ROI of CH step
test using Cooper-Jacob
Approximation with

ROI #30 m

Darcian T, Darcian Qyayx
small drawdown (.005 m)
and calculated S

Test
Analysis
Procedure

Final Darcian T and S

I

» Calculated

ROI=30 m



pumping test

- - > : "-,
NG r(Q:‘*sOle/min,\l F
| was conducted

Q (L/min)

| . )
~ | undernon-Darcian
0.02 - I conditions
- |
a2 - | Largest Darcian
0.01 1 - : flow rate
0 - T 3 i 4 . T I p i 4 T > . i Il > T 2 . t =
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45

0.5




Calculated S using the Darcian T

0.6 -

04 -
03 -
02 -

0818

r Time Results Show
Nearly Constant'S ~

Calcuiate’S using the Cooper-Jacob ApprOX|mat|on

DarcianT = 1.1x104 m?/s
Latetime Ss=3.5x10° m? <=

2.26Tt\ 4nTs

5 = pxp (1n 2250E) 23]
r Q

Nearly Constant S

Well bore storage begins at ~17 min
and/or
Fracture network

heterogeneity

10 100 1000 10000
In(seconds)

Wen et al., (2010) found similar S behavior

reasonable

o

= 360
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Ss values ~10° m*!

reasonable for fractured sandstone

*Wellbore CH CH Radius e o ;
X storage Largest | CH step test| of influence | CH Darcian | .. ; K increases
Qe 1est TyPe ) oo 2 - | Dartian O -ROI )= | using Salh B 1 Darcian T :
(Secgn o) | Wit} m) m™ Ss increases

C7z0ne2S injection 117 0.821 28 28 7.6E-06 7.4E-06
C6zone33 withdrawal 457 0.295 28 28 2.2E-05 2.4E-05
C6zonel2 injection 319 0.309 29 29 3.2E-05 2.8E-05
C7zonel3 injection 281 0.230 29 29 3.6E-05 2.4E-05

injection 270 0.294 29 29 3.7E-05 2.8E-05
Cézonel7 -

withdrawal 269 0.294 29 29 3.7E-05 2.9E-05
RD35A Open** [injection 957 NA NA NA 3.7E-05 3.1E-05
C10zone34 injection 218 0.278 29 29 4.6E-05 2.8E-05
C6zone8 injection 207 0.269 29 29 4.9E-05 2.9E-05
C6zone25 withdrawal 200 0.395 30 30 5.1E-05 3.7E-05
C7zoneb6 injection 194 0.298 30 29 5.2E-05 3.0E-05 Y
C7zone3 injection 176 0.561 31 30 5.7E-05 4.8E-05
C7z0ne12 injection 163 0.398 31 31 6.2E-05 3.6E-05

withdrawal 163 0.398 31 31 6.2E-05 3.6E-05
RD106zone5 linjection 156 0.390 31 31 6.5E-05 3.5E-05
C10zonel5 injection 139 0.380 31 31 7.2E-05 3.5E-05

* Based on Darcian T
** Darcian T based on FLUTe profile

y '360
e



[ T variation S variation
i 3.9E-05 7.3E-05 6.1E-07] 2.7E-03
: T varies x2
o | y_ /
E
o - Darcian T value
>
©
>
|_
(@]
S I S varies 4 orders of magnitude I
N g o e N
1.0E-05 by SEE—— S ALY L mmm—| -
1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02
NN Log S Calculated from Late time data

S can véry almost 4 orders of magnitude
when T varies by a factor of 2




e TR T ? > < Castal N
~ X i ~ i - n > - . >
i .}3’ "y \... Jﬂ = S - v * _ 2 \ o
v = - -". : i E

. “Tanfprove estlmates of Ssin fraetured rock it is
-~ essential to have good T esttmates X

== CH step tests are used to get a Darcian T value
— Pumping test data are used to validate the radius of

_influence assumption used to determine T in the CH step
tests

» Conducting the two different types of hydraulic
tests reduces uncertainty in Ss values
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