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An Investigation on the Reciprocity Theory with In-Situ Test
Abstract at The Heterogeneous Saturated Soil

In this study, the pumping test of reciprocity between wells is R@CIprOCITy PU M plﬂg TeST R@Clpl’OCl'l'y Of
developed for 11 wells located on campus of NYUST. The Heterogeneous Confined Aquifer Observed DrOWd OWNS during Pumplng T@ST CIT Fle‘d SlTe

reciprocity analysis is conducted with the heterogeneous

hydrogeological parameters distributions of the site. The (stimulati()n) ﬁ The equation (1) from Delay et al. [2011] used in viewing the reciprocity of drawdown during pumping test in
- ; T - unconfined Aquifer.
";_athfr?_at'ca' _thteori’j ct); reCt'ErOC'ty |rtr)1plles (tjhat choose Or?et‘f‘s Stress A Drawdown B (response) 2 : : : The equation (1) from Delay et al. [2011] used
stimuiation po_m an ©omeras o Ser_ve response pointin Pumping Observation Test 1 h™(0)—hi,(t) h°(0)—hi. () in viewing the reciprocity of drawdown during
two known points at the same random field. Repeat the above 0 = 0 pumping test in unconfined Aquifer. According
action, the response behavior should have the reciprocity A B B i R D Lt S 1 Bear [1979] mentioned the characteristic of #
between the two points. However, the lack of literature with the Exchange of continuous equation is linear in a confined aquifers. Therefore, we defined the equation (2) viewing the reciprocity
in-situ experiment to prove that reciprocity principle. Therefore, of 4 from pumping test in heterogeneous confined aquifer whether exist. If left side equal right side from equation (2),
this study is expected to investigate the reciprocity of B A We,kan geciae Ine.feCIRoGity IS exIst. ) s, () . s, ,(f)
drawdown with the sequential pumping test which will have . . _ Test 2 S 4.B (f) — h(O) - hA,B (t) S4B (t) = >3 B4 (t) A (Aa B.=1208 00 1)
heterogeneous hydrogeological parameters distributions umping  Observation C N Op 0,
obtained by inverse method. In general, there are two ways to Stress B Drawdown A SA,B( ) = SB,A( ) .................................................................................................................................................... (2]
investigate the reciprocity of pumping tests of two sequential If Stress A = Stress B, so drawdown A = Drawdown B. Where £, ,(¢) is the pressure head at location A while pumping in B, and %, ;(¢) is the pressure head at location B
wells. One way is to evaluate the drawdown reciprocity of two Fig 2. Reciprocity conceptual diagram. while pumping in A, and A(0) being the initial head, and is drawdown.
sequential wells. From the evaluation the reciprocity of the e : : : . .
drawdown behavior during the sequential pumping wells. e <l OSS-COITElation Analysis with Numerical Simulafion
reciprocity of the drawdown behavior is investigated. The other The total 110 distributions of heterogeneous hydrogeological parameters (Transmissivity (T) and Storativity (S)) were All predicted /4 and the hydrogeological parameters (7 and S) used in
one is to estimate cross-correlation between the drawdown inversed with unsteady h from 11 pumping tests by Transient Hydraulic Tomography (THT). The flowchart as Fig 3. cross-correlation analysis, we call the result are Prr and Prs  The distribution
behavior of the sequential pumping wells and heterogeneous The data from 10 observation wells during single pumping test (including pumping well). of hydrogeological parameters are 441 grids (21 m x 21 m) in 2-D
hydrogeological parameters distributions. The reciprocity of permutations and combinations hydregeologicalea i g N fIdih Shop e
7 choose the predicted / of observation well BHO5 at

between the drawdown and the heterogeneous parameters : . : [ : . .

N : _ _ } The data sets (9 observed h) defined as one case from single pumping test. BH same time with pumping well BHO4 from 110 cases
distributions is therefore can be investigated. This study proved n 5 BHO4 during forward analysis. Then, the correlation
the reciprocity of drawdown with the sequential pumping test IHVGTSG < Defined the total 110 cases from 11 pumping tests. " coefficient is calculated with the 110 predicted 4 of

' istributi observation well BHOS at same time and the 110
e -heterog_eneous hydrogeological p.arameters distribUHons L> The total 110 distributions of heterogeneous hydrogeological parameters (T and S) from 110 cases. hvel i, { | ¢ ot
obtained by inverse method. Meanwhile, we proved the = q paEsc 0 0gical,palaiGlels, e LEaRBsE s I OlLE
reciprocity is existed during the pumping test in the aquifer. SV Theretore, the contoudiDaRAeIeRERced by
: : y : . The six time (20s, 100s, 600s, 1800s, 7200s, steady state) of unsteady h were predicted during forward analysis. correlation coefficients of 441 grid.
Keywords: Stimulation, Response, Reciprocity, Cross-correlation : T ; _ _ _
Fig 3. Flowchart for numerical simulation. Fig 4. The 2-D hydrogeological modeling.(Total 441 grids)
Study M Otlvatlon Rec | prOC|'I'y Of 'l'WO We | ‘S The results of reciprocity is exist, but the reciprocity not hold in BH02, BH04, and BH10 are shown in Fig.5.

(d) Viewing BHO4 (e) Viewing BHO5 (f) Viewing BHO6 (g) Viewing BHO7 (h) Viewing BHO8 (i) Viewing BHO9 (j) Viewing BH10 (k) Viewing BH11
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Bruggeman [1972], Hariga et al. [2010], and Delay et al. [2011, 2012] @YlewngBHOT  (O)YjevingBHO2
proved the reciprocity exists between pumping well and observation -
well by mathematical in unconfined Aquifer. No study proves the
reciprocity exists at field studies in a confined aquifers.
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Fig 5. Comparison of the reciprocity from field data. (note: each figure has 14,700 data set)
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of correlation between the heterogeneous hydrogeological parameters 1. Viewing the correlation of O, r between BH04 and BHO5S. 1. Viewing the correlation of O, ¢ between BH04 and BHOS.
and h from any two well sets during pumping test in a confined aquifers. 2. The results of correlation between the predicted 4 and T field are lower at early time as Fig 6(a)-1, (b)-1, (a)-2, 2. The results of correlation between the predicted 4 and S field are lower at early time as Fig 7(a)-1, (b)-1, (a)-2,
and (b)-2 shown. and (b)-2 shown.
. - . . 3. The statistic errors are lower at early time, but it became higher at medium time as Fig 6(c)-3. 3. The statistic errors are average distribution at early time, but it became higher at medium time as Fig 7(c)-3.
DeSC rl tl O n Of th e F I e | d Slte 4. The results of correlation between the predicted # and T field are higher at medium time and late time as Fig 6 4. The results of correlation between the predicted # and S field are higher at 1,800 sec as Fig 7(d) shown, but
(d)-1,(e)-1, (f)-1, (d)-2, (e)-2, and (f)-2 shown. became lower at late time as Fig 7(e)-1, (f), (e)-2 and (f)-2 shown.
1. Area about 100 m?2 5. The statistic error reach steady state at late time as Fig 6(f)-3. 5. The statistic error reach steady state at 1,800 sec as Fig 7(f)-3.
' 6. The result suggest that the same pattern between Fig 6(a)-1 to (f)-1 and Fig 6(a)-2 to (f)-2, it means have the 6. The result suggest that the same pattern between Fig 7(a)-1 to (f)-1 and Fig 6(a)-2 to (f)-2, it means have the
2. 11 boreholes (BHO1 through BH11) reciprocity exists at the field site. reciprocity still exists at the field site.
3_ Confined Aquifer (a)-1 Time = 20 sec (b)-1 Time = 100 sec (c)-1 Time = 600 sec (d)-1 Time = 1,800 sec (e)-1 Time = 7,200 sec (f)-1 Time = steady state (a)-1 Time = 20 sec (b)-1 Time = 100 sec (c)-1 Time = 600 sec (d)-1 Time = 1,800 sec (e)-1 Time = 7,200 sec (f)-1 Time = steady state
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Fig 1. Well locations on campus site of NYUST. Fig 6. The results of the cross-correlations between the predicted h and T field at time = (a) 20 (b) 100 (c) 600 (d) 1,800 (e) 7,200 (f) steady state (1. Pumping BH04; 2. Pumping BHO5; 3. 45 degree line diagram ). Fig 7. The results of the cross-correlations between the predicted h and S field at time = (a) 20 (b) 100 (c) 600 (d) 1,800 (e) 7,200 (f) steady state (1. Pumping BHO4; 2. Pumping BH05; 3. 45 degree line diagram ).
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