f Authored by
FLOYD I SNIDER Kristin Anderson, LHG

strategy = science = engineering .
' Sabine Datum, LG

Implementation of Butler (2020) for Slug Testing at Willamette River Site

April 2024

Step by Step Guidance for Improved Slug Step 1 Step 2 a ActvalResponse ) [ Step3

Test Data ACCIUISItIOn and Processmg Plot normalized displacement (Ho/H*0) vs. time to determine whether Plot log normalized displacement vs. time to determine damping and filter pack drainage. MW-02 Slug-In Normalized Log Plot normalized displacement vs.
data coincide and to select the test with the least noise. , Displacement vs. Time (Damping) time to determine potential filter
Normalized tests Damping is easier to see on a logarithmic plot P Ping pack drainage
MW-104 Slug Test — Normalized Displacement vs Log Time shoulld coincide Underdamped response (oscillatory response) ->  Overdamped and critically e TS BNEEUEr - ol ISR meilnss
Non-coincident tests : are appropriate. 5 oa . .
Our Task: (raleere meernEl high K dlamped reilponse "> 5 MW-104 Filter Pack Drainage
To determine the groundwater to surface water discharge rate 09 effects, such as a owto moderate K e |
" " " " [ ' 1 e m - Pr nty Si . verdamped Test - Pratt County Site 36, Well 3| % e £ -
at an uplands property adjacent to an in-river Superfund Site. . \\‘ dynamic skin. - ~— erdapad Tes - Prft Gounty St 3 WeIIS! '_ ~ Overiamped Tes Pt Gouny i 35 Weh 3 - 2
g:’ 0.4 ’"‘\.-ﬁ= = B 1 0.001 él:w
Monitoring Well Locations 2 . 08 oo
47 T . é 01 E 0.4 [ o | Time Elapsed (sec) 20_47
ey : . | S L SRS G § @ : r
..s-,r."?' : 1‘" . = \ //Mﬁ % e 06} ‘“1\ E MW-104 Log Normalized Displacement ' . T
1 oo =02 (Tl h’:‘ 25 a g L) = o L 5 . - Time Elapsed (sec)
1 i' .l Unknown K (h|gh degree Of heteI’OQEHEItY) _ r .. ]' ¢ § 0.6 \/ E 0 i E \‘l,l \ g (:bSOIUte) vs. Tlme (damplng) —@—Slug in displacement (1ft) normalized Slug out 2ft_2 absolute
iy~ Smp— — — — X L - ‘© 5 - T 0.4 ® 2 1
B o MR N ST (et W it O e MR e s Where: 202 s “ : § ' ' - '
Q7. 500N ) ey R . S e eoacement T s 5 \ \ 5 | | i, Filter pack c_:lralnage. present if
a8 TR\ S PN\ MW-106 (above silt overbank deposit) | - e H¥*o = expected displacement 04r — —Test2-H;=-0.155 m o | | Z et steep drop in normalized
\ ‘; ' '_"5' & 4 1* - Expect low K (=length of slug) | --- Ies: z - :2 = -g.ﬁgg m - " x , “1 § o d isplacement
. S SRR TR UNIRUEE R L SEITIEA TR | “u._*. R\ o, e =3 " ) , x A esto -H, =-U. OF N e i = = - - — & f ” d b | Fit th | ti t
. A : T o ol BANTTR S . | 1. . . _ . . . . . . . 1 = 0.001 oliowe ess I e solution to
& E"W':l:-QDc(ldeetP ?c"l:]\_"l;]n;? AL L R T B AR S T e N 038 : " . o - ———— e H——l———lta—t——t—=—c—] L e steep res 2)/ nse the curve after filter
b ec A o o N T T g W L e fime Elapsed {sec) Time (sec) Time (sec) Time (sec) P P ' pack drainage.
I-:;-l;,..- “\%’\‘# B s PR o % B ‘-"r o ol Fﬁ ‘ —o—2ft 1 —@—I1ft 2ft 2 —@—normalized Slug out 2ft_1 slug out 1 ft normalized Slug out 2ft_2 Image Source: The Design, Performance, and Analysis of Slug Tests, Second Editions. James J. Butler, Jr. CRC Press.
o v 1 (ﬁ" e L BN Egﬁg\/‘\*/ flowcharts in Butler (2020) to select analysis method Follow Butler 2020 Figure 12.1A/B to determine Butler 2020 Figure 12.2A applied Butler 2020 Figure 12.4 applied to Butler 2020 Figure 12.5 applied for
& U K (high degree of heterogeneity) [t w2 ® NSNS Y ' which solutions for determining K may apply. for confined/semi-confined unit. wells in shallow alluvium. confined/semi-confined unit.
o R VLOE e Slug Test Data Analysis Findings Decision Tree (A): Decision Tree (B): Secicion T Decision Tree: Secicion T
 \$ A L\ R T Selection of | cl f Selection of analysis methods for test ecision free: - - ' : - ecision free:
Slug-In Test | Slug-Out Test metlfoedcs ;c:)nuzeai:gf:hegznca?ss.o £ -0 hich Yol lized d Selection of analysis methods for slug tests confined Selectlo.n of analy5|§ mei_:hods.for slug tes’Fs in wells in Selection of analysis methods for slug tests confined
N : - : : ysisora series in which normalized data do - : unconfined formations in which the well is screened ,
Well ID/ Data Direction | with Least | with Least Well Aquifer | Filter Pack . formations (slug-in) formations (slug-out)
Lithology | Coincide? | Dependence Noise Noise Damping | Screen Type Drainage? | Chart slug test not coincide across the water table
MW-02 (1) Over Water : Not Normalized | mw-so Reproducible 10 . Calculater, Reproducible | MWw-104 Identify
o o |- ductivities (K). slug test (Fill) No Yes 2 ft 2 ft (osciIIatory) Table Unconfined apparent 12.1B eie s dependence &Dysnka;;mc Ho = He? No > with equation dependence Ho = He? No resPﬁnSi_ble
o determine hydraulic conductivities (K), slug testing was - : s o : on He? B (3.2) & L s mechanism
chosen due to constraints including size of property, spacing '._ " e L MW-104 Water | IMW'°2 - Zzalyze with \ \ Wit o] e Znalyze with
of wells, potential contaminants, and site access. o (Shallow Yes -- 1 ft 2 ft Over Tab| Unconfined Yes 12.4 Cooper et all. 4, 2031;:”5 Butler and
<Ol W : o A”UV|Um) abie Choose lowest Dependence Anal.yzte W(l:lth model head Zhan model
3 i i fl quasi-steady- : > i
| MW-106 e noasr?atlflz’icsfor d?r;t?(;l\rl\? ) <tate model ’ Imﬁ)ljvuz;bly ‘o _ KSZA / boundary? Imlpz)l\z;\vuas;bly
Improved Methodology: Butler (2020) provides a means to (Overbank |  Yes - 2 ft 2 ft Over | 5 | Unconfined Yes 12.4 ; | —
. . . . . nalyze wi
process and interpret non-ideal slug test data. Given the DEpeslh Oscillatory or ATl G J e i } S e i
: : _. : : _ " ticall N : A2 lvee with ze wi Jnconfine unconfined high-K
pOtentlal Wlde range Of K Values and Sma” (2 InCh) monltorlng I(\I/I:I\:\l/) 109 No No 2 ]ct(2) 21t (2) CrlS:]Z”gI/’ of \'ll\'laa;eer Unconfined - Naortent 12.1B ;;J;qc;eél Ho = He? K Fully or /(( revisgj I;Ioiwerand ug:O:ilz\;?anjjeL Confined or N d quasi-steady-state
well diameters, test success was expected to be variable. PP response ., r partially . Rice model using re | e B ) unconfined? model
Critically or data? 7 penetrating? Implausibly _ Goto defined by equation '
MW D Under Bel 12.5 4, Confined or low a? Figure 12.2B (6.12B)
! - - -119 elow ' | unconfined? ‘ .
Field MethOdOIOgy Considerations (Deep Yes - 1 ft 1 ft (slug-in) | water |Semiconfined i Naortent Well : 6 Low storage (alpha) Two values - . Low storage (alpha)
Alluvium) Over Table PP A :f:f:snfhde > i \ Krahrze with Ahalyzerwith values indicate deﬁ“erg’r?raemew Buﬁ‘zi’:]z;%";:;: o values indicate
® Mlnlmlze nea r'Wen dIStU rbanCES: redeVE|Oped WE”S Wlth (5|U9'0Ut) . water table? non-linear DirECtiOn dependence coninsjelfGS Kra;‘\d Ss anisotropy’ measured > con.fined high-K aniSOtrOpy
suspected low-K skin observed during sampling. New wells B Fill @ Shallow Alluvium Overbank Deposit [ Deep Alluvium R s cLe o changes n e horizontal flow is , N nonzonial TOW
installed with sonic driIIing to minimize initial low-K skin 1. Non-coincident data related to shorter slug and differing response curves for slug-in and -out. effective (saturated) constrained by the Linear slug t.est : Y
: . screen length. screen interval. theory applies. screen interval.
formation. 2. For quasi-steady state models, the fastest response test was selected.
Multiple slug-in and slug-out tests to assess repeatabilit T
4 o rection denendert off P Y Notes from Data Processing: Step 5 Hydraulic Conductivity Solutions SR
ana direction-dependent efrects. . T onclusions:
e Displacements need to be recorded as Import transducer data into AQTESOLYV for finding K Slug-In Slug-Out
Completed with 1-foot and 2-foot solid PVC sluas close to solutions. Add data into AQTESOLYV as shown below. WellID/ | Analysis Method | Analysis Method Used e Butler's decision trees do not work for every case. Butler 2020 does not
P 9> ¢lo absolute values. Lithol Per Butl  AQTESOLYV K (Ft/d Solut: K (Ft/d provide guide that matches solutions in AQTESOLYV in all scenarios.
well diameter for best balance of speed of test initiation . - 'thology | Per Butler 2020 In (ft/day) olution (ft/day)
(easily performed by one team member in one motion) e Data processing in Excel is time- | | MW-02 " Dagan 116 Dagan No match Extensive review of Butler 2020 and AQTESOLYV software manuals are
th o - o fitistal] A consuming but necessary step for Manual visual solution (il onlnear Dagan I nger-Gelher @ 130 | Springer-Gelher® 0 o | d during dat |
with size of difference in initial displacement. NG DL _ )M RO Automatic matching (drawing line manually) pring 3 pring 33 alternate necessary prior to and during data processing.
evaluation prior to |mport|ng data into !\gr\m[l% Bouwer-Rice Bouwer-Rice 32 Bouwer-Rice 38 solution For tests in high K formations. recommend exploring different solution
. [ Y Ty 1 allow =
B mmm o b ] [mEs T = P DT - : because the . .’ . . )
Logged water Ieve:S with PSSR trf‘ansduc_ers ?t . th AQTESOLV. | == [ — Alluvium) FErSIEY rlErElE b4 PErEey o1 reco;mended methods for least noise slug-in and slug-out to verify solution yields an
o.5-second intervals. Data reviewed immediate y In the o Dat incided tin fill ) ooy o MW-106 Bouwer-Rice Bouwer-Rice 9 Bouwer-Rice 10 luti ffered appropriate lower-bound conductivity estimate.
: dla coinciaed, exceptin TIl. . = (Overbank solution offere
field to ensure recovery curve was captured; repeated tests — ey Hvorslev Hvorslev 14 Hvorslev > no match. 4 exolor  and vicual i for <olut Hod
in higher-K intervals at 0.1-second intervals because max e One oscillatory response observed in | , Woaos Dagan® e Sormger-Gerar | 264 N Recommend exploring automatic and visual matching for solution methods.
: - : 11 : el : g | - . ) 2. Used analysis . . . . . .
displacement not apparent at grater logging interval. fill; damping was difficult to determine. il | (Fill Quasi-steady-state o Gelhar® | No match Dagan ® Nomatch | methods Data analysis using Butler’s methodology highlights the limitations and
| | e Filter ack drainage was observed i S S R S o G | wta | - Butler-Zhan (slug-in) 6 Butler-zhan (slug-in) | 96 available in uncertainties in using slug testing in higher conductivity formations. Most K
Monitored to ensure static levels pre- and post-test. P nag _ | - | !\[/I)Z\e/-119D - — " ) - — software for estimates in these formations are considered a lower-bound for calculating
Recovery was generally rapid with little drift. several wells (fill and alluvium). G Y P L - | SO SO S Ko T ooperetal. ooperetan T underdamped discharge rates.
- KGS NA NA KGS 53 formations.




	Page-1�

