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Abstract

Surface permeability and shallow geological structures play significant roles in shaping the groundwater
recharge of shallow aquifers. Surface permeability can be characterized by two concepts, intrinsic
permeability and hydraulic conductivity, with the latter obtained from previous near-surface geological
investigations. Here we propose a hydraulic equation via the cross-correlation analysis of the rainfall-
groundwater levels using a regression equation that is based on the cross-correlation between the grain
size distribution curve for unconsolidated sediments and the rainfall-groundwater levels measured in
the Gyeongju area, Korea, and discuss its application by comparing these results to field-based aquifer
test results. The maximum cross-correlation equation between the hydraulic conductivity derived
from Zunker’s observation equation in a sandy alluvial aquifer and the rainfall-groundwater levels
increases as a natural logarithmic function with high correlation coefficients (0.95). A 2.83% difference
between the field-based aquifer test and root mean square error is observed when this regression
equation is applied to the other observation wells. Therefore, rainfall-groundwater level monitoring

data as well as aquifer test are very useful in estimating hydraulic conductivity.
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Boring number Dy, Dy, Dy, G, C. \/Fu Clai)s:;;alt]on
BH-1 0.034 0.108 0.342 9.986 0.989 3.160 SM
BH-2 0.012 0.040 0.190 16.053 0.724 4.007 ML
BH-3 0.010 0.031 0.064 6.587 1.589 2.566 ML
BH-4 0.061 0.405 1.853 30.366 1.449 5.511 SM
BH-5 - 0.018 0.050 - - - CL
BH-6 - 0.027 0.067 - - - CL
BH-7 0.022 0.061 0.322 14.807 0.535 3.848 SM
BH-8 - 0.016 0.051 - - - CL
BH-9 0.061 0.524 2.014 33.274 2.250 5.768 SM
BH-10 0.056 0.448 1.589 28.309 2.248 5.321 SM
BH-11 0.009 0.031 0.064 7.496 1.727 2.738 ML
BH-12 - 0.031 0.123 - - - CL
BH-13 0.049 0.242 1.383 28.015 0.855 5.293 SM
BH-14 0.114 0.498 1.600 14.090 1.368 3.754 SW-SM
BH-15 0.021 0.058 0.483 23.446 0.336 4.842 SM
BH-16 0.019 0.052 0.325 17.484 0.444 4.181 SM
BH-17 0.012 0.046 0.169 13.955 1.051 3.736 SC
BH-18 0.063 0.423 - - - - SW-SM
BH-19 0.009 0.029 0.059 6.260 1.539 2.502 ML
BH-20 0.050 0.243 1.226 24.373 0.956 4.937 SM

USCS: unified soil classification system; D, : if = is 10, 30, 60, then =% of the solid mass is made of grains finer than d, ; ¢ : uniformity

coefficient, that is defined as the ratio ZTGS; C. : curvature coefficient, that is given by the formula d,odio 0

A AP B O, R, B B0, DA o 3

K= Cxpx0(n)xd, (1)

Slichter(1899), Beyer(1966)°1| 2]t %Wﬂnger Zunker®]] 23t A3 4](Vukovic and Soro, 1992) 1217 USBR
(1993)2] 74 E 242 Beyer, USBR-2 Aot LE oA 4@ 47 Z2ET g2 BAEH, Z12k0] A A]oA 2
87Vt e 9l= Table 29 £k
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Table 2. Comparison of the five methodologies

Method Equation Variables Region of validity / Note
) ) y=4
Slichter ~ K= %X 11072 X n**7 % (d,,)? P 0.0l mm< d,; < 5mm
n=0.255(1+0.83")
500 d 1<=U<20
Beyer K=2x6x 10~ xlog(—+) x (dy,)? U=(-2) 0.06 mm< d,, < 0.6 mm
v U dyy
K (m/s)
B, =4.35x10"° U>5
E=9%p x| —" _|x(d)? and
Kruger =B (1—n)? e __E 91[ 1] 0.25 mm< d,, < 2 mm
=1 —d, K (m/day)
(. is an empirical coefficient that dependant
on the characteristics of the porous medium:
1) For uniform sand with smooth, rounded
grains is 2.4 x 107
2) For uniform composition with coarse
grains is 1.4 x 107
. .. . 3
Zunker K=9« B, % [ (111 ) }>< (d,)? 3) For non—un¥form compos%t%on is1.2x '10 K (m/day)
v n 4) For non-uniform composition, clay, with
grains or irregular shape is 0.7 x 107
n dq — dd
oy |70
d, =5 d?
d? < df < In (?]
U<5
_9 4 ( 23 and
K (cm/s)

g: acceleration due to gravity; v: kinematic viscosity; x: dynamic viscosity; p: the fluid (water) density.

ZF i AP R e e ghke m/s 2 25T Table 337 AT
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Table 3. Comparison of the conductivities (m/s) based on the five methodologies

Boring number Slichter Beyer Kruger Zunker USBR
BH-7 2.78E-07 1.66E-06 2.77E-05 1.58E-05 1.08E-06
BH-9 2.51E-06 1.28E-05 8.03E-04 3.80E-04 4.57E-05
BH-16 6.19E-08 3.27E-07 9.16E-06 4.61E-06 2.38E-07
BH-17 4.91E-08 2.90E-07 7.94E-06 4.27E-06 2.56E-07
BH-20 2.43E-06 1.46E-05 2.95E-04 1.61E-04 1.50E-05

B-Alokre| RLIEES St uatd A+ 2

78T TSt 2071400 His B5-5-a AAIskal 2zt Alstelell didt AbstE-a a5t Alskrtie

T HSA 71730 AR wAV A7 Aol 7t Qha wiolle Aol ofet et aleishr] ffsl - 571739

Table 4. Comparison of the cross—correlation analysis results during the annual monitoring period and the intense rainfall
event times

Boring Daily averaged water level (EL.m) Fluctuation Annual monitoring Intense rainfall event
number Max Min Ave (m) Lag time CCOF Lag time CCF,,.
BH-1 3.53 0.59 0.91 2.94 1.00 0.40 1.00 0.65
BH-2 76.95 75.34 75.62 1.62 1.00 0.72 1.00 0.75
BH-3 67.61 66.41 66.70 1.20 1.00 0.55 1.00 0.59
BH-4 4428 42.72 42.94 1.56 1.00 0.64 0.00 0.72
BH-5 36.84 35.17 35.39 1.67 1.00 0.69 1.00 0.74
BH-6 98.77 96.46 97.70 2.31 0.00 0.65 0.00 0.80
BH-7 164.64 161.68 162.30 2.97 1.00 0.46 1.00 0.53
BH-8 116.89 115.55 115.85 1.34 1.00 0.55 0.00 0.67
BH-9 90.67 89.73 89.91 0.95 1.00 0.59 0.00 0.70
BH-10 82.25 80.94 81.54 1.31 0.00 0.62 0.00 0.73
BH-11 36.60 33.85 34.12 2.75 1.00 0.56 1.00 0.76
BH-12 58.14 55.52 55.77 2.62 1.00 0.67 1.00 0.68
BH-13 33.31 30.31 31.01 3.00 1.00 0.42 1.00 0.71
BH-14 34.76 32.69 33.00 2.07 1.00 0.63 1.00 0.74
BH-15 108.64 104.88 105.88 3.76 3.00 0.24 5.00 0.33
BH-16 9.30 5.00 7.26 4.30 1.00 0.21 1.00 0.32
BH-17 52.27 44.73 48.15 7.53 -134.00 0.17 2.00 0.28
BH-18 20.93 18.68 19.34 2.25 1.00 0.25 2.00 0.43
BH-19 6.27 4.06 435 2.21 0.00 0.72 0.00 0.86
BH-20 15.75 14.38 14.65 1.37 1.00 0.45 0.00 0.68
CCF,, .« is the maximum of the cross correlation coefficient.

max
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Fig. 2. Hydrographs of the groundwater levels from the boreholes (BH7, 9, 15, 16, 17, and 20) in an alluvial aquifer near

the stream in the Gyungju area.
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Table 5. Comparison of the conductivities (m/s) based on the five methodologies

Boring number CCFax Slichter Beyer Kruger Zunker USBR Average
BH-7 0.527 2.78E-07 1.66E-06 2.77E-05 1.58E-05 1.08E-06 7.86E-06
BH-9 0.701 2.51E-06 1.28E-05 8.03E-04 3.80E-04 4.57E-05 2.09E-04
BH-16 0.319 6.19E-08 3.27E-07 9.16E-06 4.61E-06 2.38E-07 2.42E-06
BH-17 0.276 4.91E-08 2.90E-07 7.94E-06 4.27E-06 2.56E-07 2.16E-06
BH-20 0.680 2.43E-06 1.46E-05 2.95E-04 1.61E-04 1.50E-05 8.23E-05

22074 FollA] #1345 QG AL o} R Froll £ 57 A7 el 7:9-7)
S4-9] AR A} )31 BRI B0 QA ot Ao A el o] A S B
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Fig. 3. Relationship between the maximum cross-correlation coefficient of the rainfall-groundwater levels and estimated
hydraulic conductivity from the GSDC results in an alluvial aquifer near the stream in the Gyungju area.
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Table 6. Comparison of the conductivities (m/s) based on the five methodologies

Boring number BH-7 BH-9 BH-15 BH-16 BH-17 BH-20 Region of validity
CCFax 0.527 0.701 - 0.319 0.276 0.680
D, 0.022 0.061 0.021 0.019 0.012 0.050
C, 14.807 33.274 23.446 17.484 13.955 24373
C, 0.535 2.250 0.336 0.444 1.051 0.956 -
. . Poorly Well Poorly Poorly Well Poorly
Soil gradation graded graded graded graded graded graded
Sl sM SM SM SM sC SM
classification
Slichter 2.78E-07 2.51E-06 4.91E-08 6.19E-08 4.91E-08 2.43E-06 0.0l mm< d,, < 5 mm
0.06 mm< d;, < 0.6 mm
Beyer 1.66E-06 1.28E-05 2.90E-07 3.27E-07 2.90E-07 1.46E-05 and
1<C, <20
Kruger 2.77TE-05 8.03E-04 7.94E-06 9.16E-06 7.94E-06 2.95E-04 0.25 mm< d;, < 2 mm
Zunker 1.58E-05 3.80E-04 4.27E-06 4.61E-06 4.27E-06 1.61E-04 -
0.06 mm< d,, < 2mm
USBR 1.08E-06 4.57E-05 2.56E-07 2.38E-07 2.56E-07 1.50E-05 and
C, <5
Aquifer test - - 3.01E-06 - - 2.13E-05 -

AA AN i AEARE(SM)Q] nIaL AR A E deeh Z2e] Aol A-g=2710] LAlske 7= vl
Sl i 23} Slichter, Zunker®] Zd 4]0l ofet A AFAIT 71 Aokt A o= vehdt o] 7 v
ARt e g Hied AT THE WS ] 1l BH-12 213 5
cFAdE T °“°P A}, 71 A3} Zunker o] {H o] £FSAA A AT} A o] AA|SIAL Al AT} oF SHIA AT

o7} Uk 202 ShelIch, whebA] Zunker]] olet AR AVHE el ghut 749~ 215149] e A
e O SIS L 2 Aol AV ] Ao %355 SAHHLAO] T el
AR E S

CCF . — 1.4681
K=c¢ 0.0925 (3)

2 (3)9] 2873 HEES Slall FHA diad Aol a8 471140 BEAH2 A% ‘5}
A% egfo] AR @i FrAldE Soll RlE e A e w gt Arh Ao U=A1E
Table 7).
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Fig. 4. Hydrographs of the rainfall-groundwater levels from the monitoring wells (KJ15, 39, 50, and 58) in an alluvial
aquifer near the stream in the Gyungju area.

Table 7. Validation of the conductivities (m/day) between the predicted and measured hydraulic conductivities based on
the pumping test results

Monitoring Boring CCFax Predicted K~ Measured K Residuals Ab.solute Sq}lared
well number residuals residuals
KJ-58 BH-1 0.650 1.25E+01 5.53E+01 42.841 42.841 1,835.378
KJ-50 BH-14 0.740 3.30E+01 3.50E+01 2.037 2.037 4.149
KJ-39 BH-19 0.860 1.21E+02 6.79E+01 -52.725 52.725 2,779.955
KJ-15 - 0.204 1.00E-01 6.11E-02 -0.039 0.039 0.002
Number of points 4.00
Residual mean -1.97
Absolute residual mean 24.41
Standard error 22.62
Root mean squared 33.98
Normalized RMS (%) 2.83
TR A g A el EQEW HEFo= 7:1 oAt St AT, 47]4-0] TE-F(KJI-58, 50, 39, 15)°] T

S mlard F A =] s g Ao Al Al o] Be] k= -1.97 m/day,

Normalized RMS error+=2.83%%= L]'ﬂ";kﬁ]'(Table 7).
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.0925
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SollA 2o thE I, ALl W2 FH(Chapuis, 2012a) -2 A2t Aol SRY=H tid Ald= 5
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