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In a regional ground water analysis by using a quasi three-dimensional finite-element method or the
like, it is important to determine the spatial distribution of transmissivity 7. Developed in the present
study was a system for estimating the coefficient of permeability based on the density measured in situ
with a split-spoon sampler with built-in tube. The water levels determined by numerical analysis based on
the permeability coefficients estimated by the system were compared with measured water levels to
ascertain the validity of the system.
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1. INTRODUCTION

It was planed to draw ground water for industrial
purposes in the Kumayama Industrial Complex (see
Fig. 1) in Kumayama-cho, Okayama Prefecture.
The ‘required pumping discharge was several
thousand cubic meters per day. It was anticipated
that the pumping would influence the existing wells
around the industrial complex. Under the
circumstances, it was decided to carry out a regional
ground water survey and analysis and determine the
optimal location of the well in the industrial : WO Aeb LSRN
complex and the pumping discharge. The ground in Fig. 1 Site and Area
this area is constituted by strata which consist
mainly of gravel and has aquifers capable of feeding ground varies from place to place, the major

more than the required pumping discharge. problem was how to grasp the distribution of
However, because the transmissivity T of the transmissivity and how to evaluate the effects of

measurement of density
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Fig. 2 Geological profile (A-A’)

pumping on the neighborhood.

The distribution of transmissivity in an aquifer
may be determined by changing the transmissivity
arbitrarily so as to make the calculated water level
equal to the measured one in the initial water-level
analysis or by carrying out an inverse analysis
probabilistically. In this study, however, the
coefficient of permeability & and the thickness D of
the aquifer were found though preliminary surveys
to estimate the spatial distribution of transmissivity
T. These parameters have the relationof T=k-D.

To obtain highly reliable predicted values of
behavior of ground water based on a sequential
analysis, the coefficient of permeability £ and the
thickness D, in particular, of the aquifer have to be
determined accurately. This accuracy requirement
on the thickness of the aquifer can be met by
increasing the number of survey points. The
coefficient of permeability can accurately be
determined by, for example, pumping tests, but the
approach would be impractical from an economic
point of view.

Accordingly the authors developed a system to
estimate the coefficients of permeability & at dozens
of points other than a few pumping test points of an
aquifer economically by using the density, the
N -value, and the grading measured with a
double-tube-type standard penetration tester, or
split-spoon sampler with built-in tube ”. Then, a
quasi three-dimensional finite-element seepage
analysis was performed to verify the distribution of
transmissivity T determined by the above system ?.
The analysis suggested the validity of the system.
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2. PROFILE OF SITE GROUND

Fig. 1 shows the survey points. The site is
situated between the class-A, or first-class, Onoda
and Yoshii Rivers and is an alluvial low land; i.e., a
flood plain formed by the sedimentation of the
Yoshii River,

(1) Configuration of strata

According to geologic surveys by boring TB-2
and BP-6 carried out in the vicinities of a pumping
well and a radial well for pumping tests (see Fig. 1),
the ground was formed by the complex
sedimentation of gravel, sand, clay, etc. Fig. 2
shows a geological profile taken along line A-A’ of
Fig. 1.
a) Ac-ASF layer

It is an alluvium 1~7 meters thick and consists of
alternate sandy silt layers and gravel-containing
sand layers.
b) Aglayer

It is an alluvium, 0-13 meters thick, of sand and
gravel with an N -value of 10~50.
¢) Dglayer

It is an diluvium , 1-21 meters thick, of sand and
gravel with an N -value over 50.
d) DGF, layer

It is a diluvium, 0-23 meters thick, of brown
sand and gravel with an N -value over 50.
e¢) DGF; layer

It is diluvium of greenish-gray sand and gravel
with an N -value over 50.
f) Ry layer

It is bedrock of rhyolite.

The survey by boring was carried out in a dry



season, and the water surface in the bores were near
the boundary between the Ac-ASF layer and the Ag
layer (3—6 meters deep). The water levels in the
bores through the year are still being surveyed.

(2) Permeability of strata

Fig. 3 and Fig. 4 show a typical result of the soil
survey. Taking notice of the grading and the density
having large effects the coefficient of
permeability, the authors defined the strata as
described below. The density was estimated from
the N -value, which is also an index of compaction
of sand and gravel.

a) The Ac-ASF, DGF,, and DGF; layers, of which
the fine-grained fractions F, were 20% or more,
were regarded as aquicludes. The fine-grained
fraction F, means the percentage of the
furnace-dried weight of the soil fraction through a
75-um sieve to the dry weight of a soil sample. The
Ry layer was considered an impermeable layer.
These layers were all treated as impermeable layers
in analyses.

b) The Ag layer, of which the F, and the N -value
were less than 20% and 50 or less, respectively, was
designated as the first aquifer. In the first aquifer,
although the F, was constant, the N -value and
hence the permeability coefficient varied among
survey points.

¢) The Dg layer, of which the F, and the N -value
were less than 20% and over 50, respectively, was
designated as the second aquifer.

Fig. 5 shows the configuration of the first and
second aquifers in three dimensions. Each aquifer is
complex in sedimentation and its thickness varies.
The uneven thickness of the aquifers as well as their
uneven constants has effects on the behavior of the
ground water. Therefore, it is important in a
regional ground water survey to grasp the varying
thickness of aquifers accurately.

on

3. DETERMINATION OF
PERMEABILITY COEFFICIENTS BY
PUMPING TESTS IN FIELD

Pumping tests were carried out at TB-2 and BP-6.
There is a radial well in the vicinity of BP-6, and
the well was used as the pumping well for the
pumping test. The following problems appeared in
determining the permeability coefficients of the
aquifers based on the results of the pumping tests.
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(a) As shown in Fig. 7, the aquifer is of an
unconfined multiple type; accordingly, what kind of
pumping test should be carried out? How should the
coefficients of permeability be determined from test
results? (b) The ground configuration around the
TB-2 is very complex; accordingly, how should the
thickness of the aquifers be estimated? (c) The
radial well was used as the pumping well for the
pumping test; accordingly, how would the
construction of the well influence the resuits of the
pumping test?

Under the circumstances, the permeability
coefficients of the aquifers were determined in
accordance with the flowchart of Fig. 6.

(1) Pumping test at TB-2

Fig. 7 shows the arrangement of the pumping
well at TB-2 and observation wells. The pumping
tests were carried out in the first and second
aquifers to determine their coefficients of
permeability kg
a) Results of pumping test in first aquifer

Fig. 8 shows the relation between the drawdown
s and t/r? of each observation well while ground
water was pumped up from the first aquifer through
the pumping well at the rate of Q,, = 0.0486 m*/min.
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The variable ¢ is time; 7, the distance between the
pumping well and each observation well. As shown
in Fig. 8, not all the data of each observation well
align on a straight line. Each of the observation
wells near the pumping well (» = 2-8 m) displayed a
salient drawdown at an early stage of the pumping
and thereafter its drawdown settled down to a
certain slope. It seemed to have happened because
water leaked from an upper layer to lower layer(s)
while water was pumped up; accordingly, the
coefficient of permeability k; was examined by
reproducing the result of the pumping test in an
unsteady state by inverse analysis with the
saturated/unsaturated seepage analysis program
(UNSAF). The analysis revealed that the above
phenomenon had been caused by a top layer with
very high permeability (about one meter thick at DL
=9.0-10.0 m at TB-2) of the first aquifer around the
pumping well ¥; therefore, the second-half
straight-slope portion of the line representing the
s — (/) relation of each well in Fig. 8 was
regarded as indicating the coefficient of
permeability of the first aquifer and Jacob’s
method® was applied to the straight-slope portions
of all the observation wells to determine the average
transmissivity T of the first aquifer as a whole at
TB-2. :

In Jacob’s method, the relation among the
transmissivity 7, the coefficient of permeability k;
and the thickness D of the aquifer is expressed by
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1
Verification of the proposed system by comparing
water levels obtained by quasi i ional
seepage analysis (GWAP) and measured water
levels

END

Fig. 6 Flow of analysis

the equation below.
230,
Imhs M
where O, is pumping discharge; 4s, the difference
in the drawdown per a logarithmic cycle of the
exponent,on the straight-line portion in Fig. 8.
The above equation was applied to the s -1/
relations of the observation wells to calculate their
transmissivity 7’s, which varied widely from
24.3-67.4 cm¥s. The variation was considered to
have been caused by the different thickness and the
different coefficients of permeability of the first

T=kD=
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aquifer among the different locations of observation
wells. As mentioned earlier, the thickness D of the
aquifers particularly around the pumping well varies
largely. On the other hand, it was necessary to
estimate the approximate coefficient of permeability
of the first aquifer. Under the circumstances,
although it might be a little crude, the average
thickness 350 cm of the first aquifer was adopted.
Thus, the mean coefficient of permeability of the
first aquifer at TB-2 k7> was found to be 1.3 x
10" cm/s.
b) Results of pumping test in second aquifer
Fig. 9 shows the s -##° relation of each
observation well while ground water was pumped
up from the second aquifer through the pumping
well at the rate of O, = 0.0635 m*/min. As shown in
Fig. 9, there is a tendency that observation data in
the early stage of pumping are generally on a
straight line, but the speed of drawdown lessened
rapidly after some time of pumping. This
phenomenon occurred because water leaked from
the first aquifer to the second one whose
permeability is poor. Therefore, the straight-slope
portion of each line in Fig. 9 corresponding to the
early stage of pumping was considered to
represent the permeability of the second aquifer,
and the transmissivity of the second aquifer
7727 (= 3.3 cm?%s) was calculated based on the
straight-slope portions 9. The average thickness
of the second aquifer was estimated to be 684 cm
in the same way as the first aquifer.
Meanwhile, the rises of water levels toward the
end of the pumping test shown in Fig. 9 were due to
the rises of water levels of the rivers which were
caused by rainfall.

(2) Pumping test of first hquifer at BP-6

The pumping test of the first aquifer was carried
out by using the radial well (by BP-6) as the
pumping well. Fig. 10 shows the arrangement of the
radial well and observation wells.

Fig. 11 shows the s—(¢/r?) relation of each
observation well while ground water was pumped
up at the rate of Q, = 2.129 m’/min. As shown in
Fig. 11, all the observation data of each observation
well generally aligned on a straight line. Without
other applicable effective methods, Jacob’s method
was applied to the result of the pumping test to find
the permeability coefficient k of the first aquifer,
although the problem mentioned earlier of the radial
well’s being used as a pumping well remained.
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The mean transmissivity of the first aquifer
T,BP ¢ was found to be 336.9 cm’/s in the same
way as described in the above paragraph (1). The
mean thickness of the first aquifer was estimated to
be 344 cm. The mean coefficient of permeability
k7 of the first aquifer in the vicinity of the
pumping, or radial, well was found to be 9.8 x 10"
cm/s.

4. ESTIMATING SYSTEM OF
COEFFICIENTS OF PERMEABILITY

In this chapter, the authors propose a system to

- estimate the spatial distribution of the coefficient of

permeability of an aquifer based on various ground

and soil data obtained through pumping tests at a

few points and standard penetration tests at dozens

of points, and laboratory permeability tests of
specimens.

(1) Principle of estimating system of coefficients
of permeability
Fig. 12 shows the basic relations of factors of the
estimating system The relation among N -value,
relative density D,, and void ratio e¥ shown in Fig.
12 (a) is used also in the practical design calculation
in the sand compaction pile method . Regarding
the N-Dr-e relation, the following equation was
proposed by Meyerhof ” based on the experiment
made by Gibbs Holtz.

N
D, (%) =21 f—————
- (%) 0.7+0.010,

where o',
(kPa).

The e-D, relation is given by the following
equation.

ey

is the effective overburden pressure

D, (%)=
e

x 100 3)

where e, and e, are maximum and minimum
void ratios, respectively.

Fig. 12 (b) shows the e - p,- k; relation, p, being
the dry density, k; being the laboratory permeability
coefficient. The coefficient of permeability is
influenced by grain-size  distribution  and
particularly fine-grained fraction F as is shown in
Fig. 4; accordingly, fine-grained fraction F, was
used as the index of grain-size distribution in this
study. The permeability varies depending on the
structure and stratification of soil; therefore, the

max ~ €min
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laboratory coefficient of permeability & of a soil
with a void ratio differs from the field coefficient of
permeability & of the soil with the same void ratio®.
To raise the accuracy in estimating k; the k- &,
relation was ascertained as shown in Fig. 12 (¢).

By combining these three basic relations, & can
be estimated from the N -value through the course
shown by the broken line in Fig. 12.

In an actual site, the estimating system works as
follows. The density of an aquifer is measured with
a split-spoon sampler with built-in tube " at several
survey points other than a few pumping test points
and various laboratory tests are carried out to
establish the basic relations of the estimating system.
Then, surveys by boring (standard penetration tests
and grain size analyses) are carried out at dozens of
points to determine the varying thickness of the
aquifer. Lastly, by applying the survey results, that
is, N -values, F_, and o"v to the basic relations of
the estimating system, the spatial distribution of
thickness and k; of the aquifer are estimated.

Now, the method of measuring the density of an
aquifer with a split-spoon sampler with built-in tube
will be described briefly. As shown in Fig. 13 and
Photo 1, the split-spoon sampler with built-in tube
consists of a standard penetration tester, and five



log k;

log k,

FCI < FCZ< Fc]

(a) N-D,—e relation

Fig. 12

brass pipes 100 mm in length, 35 mm in inner
diameter, and 38 mm in outer diameter and an brass
pipe with a length of 110 mm and the same inner
and outer diameters for density measurement which
are inserted in series into the tester. By carrying out
a standard penetration test with a split-spoon
sampler with built-in tube, soil samples are caught
in the pipes. Thereafter, the split-spoon sampler
with built-in tube is pulled up, the pipes in the split
barrel are taken out, and the both ends of the pipe
second from the front are reformed with an edge
knife. Then, the wet density p, of the sample in the
second pipe is measured in the field, and laboratory
tests of the sample are performed to determine its
water content w, (%), dry density pg; void ratio e,
and grain-size distribution. It was reported that
N-values measured with split-spoon samplers with
built-in tube were equivalent to those measured by
the standard penetration test (JIS A 1219) V.

(2) Basic relations of system at site
a) N —D:—ej relation

Standard penetration tests were carried out with a
split-spoon sampler with built-in tube at six points
in the site shown in Fig. 1. The maximum grain
diameters Dy, of the samples of the aquifers ranged
from 19.0 to 37.5 mm (Fig. 4), which were far
beyond the limitation 3—5 mm on the maximum
grain diameter of the split-spoon sampler with
built-in tube V. Therefore, the measured void ratios
e; were regarded as different form the actual values
due to the crush of grains, etc. at the time of
sampling. In addition, because the grain-size
distribution of a sample obtained with a split-spoon
sampler with built-in tube differs from that in situ,

(b) e —py—k, relation
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Basic relations of estimating system of permeability coefficient
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Fig. 13 Split-spoon sampler with built-in tube (In mm)
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Photo 1 Split-spoon sampler with built-in tube

the relative density in situ can not be determined by
carrying out maximum- and minimum-density tests.
Accordingly, the N -value in situ obtained at the
time of the density measurement with the
split-spoon sampler with built-in tube was applied
to Meyerhof’s equation (2) to estimate the relative
density D, in situ.

Fig. 14 shows the relation between D, given
by the equation (2) and e;. The D:—ef relation of
the first aquifer showed a fairly good correlation
and its primary recurrent equation was as follows.

(r=0722) (4

On the other hand, the D:—ef relation of the
second aquifer showed no correlation. Although the
cause of no correlation is unknown, it may have
something to do with that the second aquifer was a

e; =0.84-0.0058D;



well-compacted sand and gravel layer with a
N -value over 50. However, since the coefficient of
permeability was necessary for the analysis, adopted
as the void ratio e, of the second aquifer was the
mean (= 0.337) of the void ratios of its samples.

b) e,— p,—k, relation

To ascertain the relation among the void ratio
e;, the dry density p,, and the permeability
coefficient %,, p, was set to 1.7, 1.9, and 2.1
g/cm3 and F, was set to 5%, 10%, and 20% for each
value of the dry density to carry out the laboratory
permeability tests of the nine cases. Used in the
laboratory tests were samples which were adjusted
according to the grain-size distribution curves of the
first and second aquifers of Fig. 4 so as to have the
maximum grain diameter of 19 mm. Fig. 17 shows
the grain-size distribution of the grading-adjusted
samples. When sample soil was density-adjusted
and packed into a tester, the water content for
compaction was set to the dry side of the optimal
value. The reason of the setting was that the
permeability coefficient tended to fall saliently on
the wet side® and hence stable data could not be
obtained on that side. The laboratory permeability
tests were performed under a constant- or falling-
head condition in accordance with the permeability
coefficients.

Fig. 15 shows the test results. The ¢ - p,
relation in Fig. 15 was given by the following
equation”, the density of soil grains p, assumed
to be 2.7 g/em’.

I+e¢

F,=7.3% and F_.= 13.6% are the mean of the first
aquifer and that of the second aquifer, respectively,
and the p, —k, relation of each aquifer was
obtained by interpolation from the same relations
determined by the laboratory tests.
¢) k,—k,relation

The mean of e, values measured depthwise of
each aquifer at each pumping-test point was
substituted for e, in the equation (5) to calculate the
mean field dry density p, of said aquifer.
Then, p, was regarded as equal to p, in
the p, — &, relations corresponding to F,= 7.3% of
the first aquifer and F.= 13.6% of the second
aquifer in Fig. 15 to find the laboratory permeability
coefficients &, of the aquifers. The field
coefficients of permeability krdetermined in Section
3 and k, of the aquifers (shown in Table 1) are
plotted in Fig. 16 (both the ordinate and the abscissa

Pa =
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are in logarithmic scale.).As shown in Fig. 16, there
is a salient linear relation between &, and k.

Described in the next chapter is the estimation of
the in-situ permeability coefficient &, from the
N -value through the course (Start—®-»®@—End)
shown by broken lines in Fig. 14-Fig.16.

. VERIFICATION OF PROPOSED
SYSTEM BY QUASI THREE-
DIMENSIONAL SEEPAGE ANALYSIS

The optimal location of the well to draw ground
water for the industrial complex and its pump
discharge rate of flow had to be determined in order
to ensure that the well for the industrial complex
would have no significant effects on the existing
wells around the complex (the drawdowns in the
existing wells should be 5 cm or less). To determine
them, the technique of finite-element quasi
. three-dimensional seepage analysis (GWAP)'? wa$
used. In such a regional ground water analysis, it is
the usual approach that an initial water-level
analysis is first performed to verify the analytical
model and then the ground water behavior is
simulated under given pumping conditions, etc. In
the present study, the validity of the proposed
system was verified in the initial water-level
analyses.

(1) Analytical model and conditions for analysis

Fig. 18 shows a planar finite-element mesh for
the area to be analyzed. The boring spots (49 spots)
were given planar nodal points, and the intervals
between the other nodes were set to about 100-200
m. The vicinity of each pumping-test spot was
divided into smaller elements.

As shown in Fig. 5, the ground consists, from
the surface downward, of the impermeable Ac—ASF
layer, the first aquifer, the second aquifer, and the
impermeable layers.

The thickness of the aquifers at nodes was
determined from the thickness at the boring spots by
interpolation with a cubic spline function.

The initial water-level analyses were performed
under steady conditions. The analytical model was
defined on its west by the boundary between the
mountainous area and the level ground, on its east
by the Yoshii River, and on its north by a line
running east and west at a distance of 700 m from
the pumping well, and the water levels at the
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Table I Permeability coefficients by pumping tests ‘and
laboratory tests

Aquifer k; (cm/s) k; (cmis)
First aquifer at TB-2 1.7 x 107 1.3 x 10"
Second aquifer at TB-2 1.4 %107 49107
First aquifer at BP-6 4.2 x 1072 9.8 x 10"

o Water level:Cnstant
o Representative nodes

0 200 400 (m)

Fig. 18 Division into elements and boundary conditions
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Fig. 19  Distribution of permeability coefficients estimated

with proposed system
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Fig. 20 Permeability coefficients of first aquifer

boundaries of the analytical model were fixed. The
reason for setting the north boundary 700 m to the
north of the pumping well is that the effects of
gravel range 500-1,500 m 'D. The water levels at the



nodes on the boundaries were measured on May 25,
1992. The permeability coefficients at the nodes in
the analysis area were determined as follows. In
case of the first aquifer, the N -values measured
depthwise at each boring point and F. (= 7.3%)
were applied to Figs. 14 to Fig.16 to estimate the 4;
depthwise. Then, the estimated field mean
permeability coefficient Ef, of the first aquifer at
each boring point was calculated. Lastly, the
contour map of the I?ﬂ (Fig. 19) was made to
determine the permeability coefficients for analysis
in accordance with the finite-element division. In
case of the second aquifer, the estimated field mean
permeability coefficient & s2 Wwas set to a constant
value 5.0 x 10” cm/s because e, was assumed to be

constant 0.337 as described in the preceding chapter.

Fig. 20 shows the coefficients of the first aquifer
estimated with the system.

(2) Results of Analyses and Discussion

Fig. 21 shows the result of quasi
three-dimensional seepage analysis performed with
the permeability coefficients of the first aquifer
shown in Fig. 20 under steady conditions. As shown
in Fig. 21, there are fairly large gaps between the
measured water levels and the calculated ones in
Oseki and Tokutomi areas. It was considered that
the gaps had occurred due to the overestimation of
inflow from the valley-like hinterland of each area;
accordingly, the actual inflows of the areas were
estimated with the following equation.

Actual inflow = drainage area X average daily
precipitation x infiltration ratio 6)

The drainage areas of Oseki and Tokutomi are
946,900 m’ and 427,000 m’ respectively. The
average daily precipitation in the drainage areas is
0.0038 m (annual precipitation 1,400 mm/365days).
The empirical infiltration ratio is 1/3. Table 2 shows
the actual inflows estimated with equation (6) and
the inflows calculated by the quasi three-dimensio-
nal seepage analysis.

As shown in Table 2, the calculated inflows

were more than 10 times the estimated actual ones;
therefore, the permeability coefficients of the first
aquifer at the nodes 1-36 were reduced on a
trial-and-error basis until calculated inflows turned
out to be estimated actual inflows. Fig. 22 shows
the node 1-36 and corrected coefficients of
permeability. Table 3 shows calculated inflows after

Fig. 21

-~ Veasured value
- -Calculated value

200 400

Result of initial water-level analysis

Table 2 Actual and calculated inflows (m*/day)

Estimated actual Calculated
inflow inflow
Oseki area 1,200 14,193
Tokutomi area 540 8,720

Table 3 Actual and calculated inflows after correction of

coefficients of permeability (m’/day)

Estimated actual Calculated
inflow inflow
Oseki area 1,200 1,777
Tokutomi area 540 557

seki area 7745y
NEN

Corrected coefficients
of permeability (cm/s)

A4.0x10°
81.0X10

Fig.22  Corrected coefficients of permeability

Mcasured value
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Fig. 23  Result of initial water-level analysis (After

correction of permeability coefficients)

correction.
Fig. 23 and Fig. 24 show the comparison
between the calculated water levels by the initial



water-level analysis after the correction of
permeability coefficients and the water levels
measured at the 49 boring points. The former and
the latter are close to each other. Because the
transmissivity T is the most important parameter in
the governing equation of the quasi three-dimensio-
nal seepage analysis under steady conditions, the
excellent agreement between the calculated and
measured water levels was suggestive of the
appropriateness of the setting of the distribution of
T. As can be seen from the equation (1), the
accuracy of the proposed system in estimating the
permeability coefficient of an aquifer would be
fairly high if the thickness of the aquifer at nodes is
determined accurately.

6. CONCLUSION

It was suggested that the system for estimating
the permeability coefficient proposed by the present
study was capable of estimating the spatial
distribution of the transmissivity. However, there
were the following problems in applying the system
to the site of the present study.

a) Meyerhof’s equation (2) is applicable only to
sand with Ds of about 0.2-0.5 mm '?. Besides, the
void ratios e; obtained by the density measurement
with a split-spoon sampler with built-in tube were
not the true ones in situ because the sampler was
applied to the aquifers of which the maximum grain
diameter was far beyond the sampler’s limitation.
Accordingly, the accuracy of the void ratios e,
obtained by applying N -values to the N-D:-ef
relation was not so good.

b) Because there could be observed no correlation
in the D - e, relation of the well-compacted
second aquifer with the N -value over 50, its e;was
assumed to be a constant value (= 0.337). It meant
that the kr of the second aquifer was fixed to a
constant value, and hence the actual behavior of the
ground water could not be reflected in the initial
water-level analysis. However, since the k; of the
second aquifer was smaller by one order than that of
the first aquifer, the effect of the shortcomings on
the result of analysis must have been small.

¢) Because the ¢,—p, —k, relation of Fig. 15 was
determined by the laboratory tests, there would be
no substantial inadequacy in itself. However, £,

obtained by regarding e, as equal to ¢, was not
the permeability coefficient corresponding to the

27

A-—A'section
T

a2 T 7 : T
[a]
0 ® / Node number
2 15k 14 @ Measured value |
b=
ST Q O Analyzed value
QO o~
>
L ® @ @ ]
ﬁ 10 R 73 137 167
=
3 5 ] I} 1 A 1
0 200 400 600 800 1000 1200
Distance  {(m)
520 1 . x . B—B'I' section
(=}
2 ® Measured value
| _I5r O Analyzed valiug;
g £ 5 ’ —— Node number
- 0r @ ® b
2 145
3 5 1 1 I3 1 L
0 200 400 600 800 1000 1200
Distance  (m)
o920 . ) i C—|C' section
(]
14 ® Measured value
'§ 5t O Analyzed value ]
g & 73 76
> 62 ®® ®
— 10} ]
5 / @® 6©7 79
§ Node number
5 1 L . \
0 500 1000 1500 2000 2500
Distance  (m)
20 ' ‘ ' D-’D section
(=)
% ® Measured value
B~ 15+ O Anaiyzed value ]
s& 170
3 159 19 @ @
5 101 ®® ®® i A3 ]
s ™ Node number
5 L L ) !
0 500 1000 1500 2000 2500
Distance  (m)

Fig. 24 Result of initial water-level analysis (Sectional view)

true void ratio in situ for the reason mentioned in
the above paragraph a). Therefore, reflected in the
difference between k, and k, shown in Fig. 16
is difference in density in addition to the commonly
recognized anisotropy, grain-size distribution,
ground configuration, etc.
d) It is desirable for the permeability coefficients
k; of the aquifers shown in Fig. 16 and Table 1,
which were determined by the pumping tests, to be
determined by inverse-analysis technique based on
seepage analysis wherein the anisotropy of
permeability coefficient is taken into account 'V,
The coefficients of permeability kr were determined
by applying Jacob’s method to the pumping-test
results in the present study; accordingly, this
determining method was not sophisticated enough.
Notwithstanding the above problems, the
calculated water levels by the initial water-level
analyses by using the quasi three-dimensional



seepage analysis method were in an excellent 6) Edit. & Publ. Dept: Japanese Society of SMFE.

agreement with the measured ones. It may be Interpretation and application cases of results of soil

attributed to the relatively accurate e - D, relation e“fplomlon and tests. Soil and Fo""d?'w" Engineering:

. . L. Library Four, st ed., pp. 59-60, 1981 (in Japanese).
wh'Ch could be obtained because the grain-size 7) Meyerhof, G. G.: Discussion of Session |. Proc. 4th
distribution of the first aquifer was relatively International Conference on Soil Mechanics and
uniform. Foundation Engineering, London, Vol. 3, 1957.

To build the system proposed in the present 8) Rev. & Edit. Committee, Japanese Society of SMFE. 21.4
study, the authors took the position that a technique Compaction. Soil-Engineering Handbook (1982 edition), p.
. PR . . . 830, 1982 (in Japanese).
is useful if it is practical even if a mechanically . . .

. K . 15) 9) Rev. & Edit. Committee of Methods and Explanation of
unknown portion is put in a black box ™. The Soil Tests: Japanese Geotechnical Society. Aeihods and
system has to be applied to other sites to improve its Explanation of Soil Tests, p. 148, 2000 (in Japanese).
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Japanese).
11) Edit. & Publ. Dept.: Japanese Society of SMFE:

REFERENCES Excavation works and ground water: From survey and

1) Okuyama, K., Fujiwara, M., Ohnishi, C. & Yagi, N.: design to execution. Soils and Foundations for Field
Method of measuring density of sandy grounds with a Engineers, Series 19, p. 102, 1991 (in Japanese).
split-spoon sampler with built-in tube. Journal of Japan 12) Ishihara, K.: Liquefaction and flow failure under
Society of Civil Engineers, No. 652/I1-51, pp. 141-153, earthquake: From 33rd Rankine Lecture. Soils and
2000 (in Japanese). Foundations, Vol. 41, No. 8, p. 12, 1993 (in Japanese).

2) Nishigaki, M., Hachiman, T., Sugita, K., Okazaki, M., 13) Morimoto, K., Okuyama, K., Maki, T., & Nishigaki, M.:
Watanabe, H., Okuyama, K. & Komura, N.: Method of Identification of constants of confined multiple aquifers
estimating coefficients of permeability by standard based on their pumping-test results. 3/st Soil Engineering
penetration test. Proceedings of 48th Annual Conference Research Presentation Meeting, pp. 2103-2104, 1996 (in
of Japan Society of Civil Engineers, Part 3 (A), pp- Japanese).

1476-1477, 1993 (in Japanese). 14) Morimoto, K. Okuyama, K. & Nishigaki, M.: Technique

3) Okayama Land Development Public Corporation. Report of identifying constants of confined multiple aquifers by
on Ground water Analysis in Kumayama Industrial taking anisotropy of permeability coefficient into account.
Complex (Fifth of five volumes), pp. 33-55, 1993 (in Proceedings of 16th Advanced Technology Conference,
Japanese). ) Regional Joint Research Center, Okayama University, pp.

4) Edit. & Publ. Dept: Japanese Society of SMFE: 10-11, 1997 (in Japanese).

Excavation works and ground water: From survey and 15) Mogami, T.: 1948-type Soil Mechanics and Visional One.

design to execution. Soils and Foundations for Field
Engineers, Series 19, pp. 56-57, 1991 (in Japanese).

5) Ogawa, M. & Ishido, M.: Application of vibrocomposer
method to sandy soil. Soil and Foundations, Vol. 13, No. 2,
pp. 77-82, 1965 (in Japanese).

Gakusou-zappitsu, Gihodo Shuppan, pp. 75-80, 1980 (in
Japanese).

( Received November 6, 2000 )

RS T AKFAEIC BT DHEAKBREOHEE L AT L

BL—o - BRI - KEEE - B2 — - BYEZ - HiE #®

EZRTHRERER L 2RO T AR 2T 556, EARBHRT OFRIMORENEE L
RD. FOREFEE LT, HKMEINICEO TERAM EHEKIAEI KO T 2ERLERLD
FERPHFROICERITE AV HEREBH LB FRETHE, —HEXBEEARRBI L 5RMLED
FBEMELEII UIBEKRBE A OHEL AT L ERELL. £, BRUVATLAOFRAKEZBRHTELD,
ZDFETRDICk Z AT BERITE RO EAM & BRAMELBEL, TORYMEELHEELEL.

28



