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1
PERMEAMETER FOR IN-SITU
MEASUREMENT OF SATURATED
HYDRAULIC CONDUCTIVITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of
Korean Patent Application No. 10-2012-0119620 filed in the
Korean Intellectual Property Office on Oct. 26, 2012, the
entire contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the [nvention

The present invention relates, in general, to a permeameter
for in-situ measurement of saturated hydraulic conductivity
of streambed sediments. The head difference between head
within the chamber and head at the inlet of the pipe acts as the
driving force to flow water from the chamber to the pipe. This
head difference can be induced by adjusting the depth of the
inlet in the pipe below stream stage. Water in a saturated zone
around the chamber flows upwards through the sediments
inside the chamber without electric power.

Upward flowing of water within the chamber causes a
hydraulic head difference between the upper side and lower
side of the chamber. In situ saturated hydraulic conductivity
of the streambed sediment can be determined by measuring
this hydraulic head difference in the chamber and an amount
of water passing through the inside of the chamber.

2. Description of the Related Art

Generally, it is recognized that surface water and ground-
water are resources that are interconnected and interact with
each other so that physical and chemical changes in one affect
physical and chemical composition/state of the other. Surface
water-ground water interaction is an essential factor to be
evaluated for purposes such as water budget analysis, under-
standing of passing routes of nutrients, contaminants, and
investigation of groundwater flowing system, etc.

The interaction between the surface water and groundwa-
ter means discharge of groundwater from aquifer toward sur-
face water, or recharge of the surface water into the aquifer. In
order to evaluate the interaction between surface water and
groundwater quantitatively, measurements for the hydraulic
conductivity of streambed sediment, a hydraulic gradient
between surface water and groundwater, and direct or indirect
measurement of an amount of exchange between surface
water and groundwater are needed. The hydraulic conductiv-
ity, 1.e. a target object to be measured, is a value for a physical
property that, like electric conductivity or thermal conductiv-
ity, is a measure of how well an aquifer substance allows
water to pass therethrough. The hydraulic conductivity has a
functional relationship with a porous medium and a fluid
passing through the porous medium. The hydraulic conduc-
tivity of the porous medium is obtained using Darcy’s law.
Darcy’s law is a constitutive equation that is formulated based
on experimental researches on the flow of water through beds
of sand, wherein groundwater flows from upper side toward
lower side of a hydraulic head through the porous medium,
and the flow rate of the groundwater is proportional to the
hydraulic conductivity and hydraulic gradient. Hydraulic
head is a specific measurement of liquid pressure above a
geodetic datum. Hydraulic head of groundwater is expressed
by the sum of an elevation head, a pressure head, and a
velocity head. However, the velocity head may be ignored
because generally the flow of groundwater is very slow. [nan
experimental apparatus (FIG. 1) for explaining Darcy’s law, it
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can be seen that a flowing direction of groundwater is deter-
mined by a difference (AH) in hydraulic heads ofleft and right
water tanks, which are connected to a sand tank, irrespective
of a position of the sand tank. In FIG. 1, when a datum level
where 7=0 1s set, a hydraulic head H, of an A-sided water tank
thatamounts to the sum of an elevation head 7, and a pressure
head P, ishigher than a hydraulic head of a B-sided water tank
(H,=Z,4P,), so that it is shown that the flowing direction of
groundwater is oriented from the A-sided tank of higher head
toward the B-sided tank of lower head. Here, an amount Q of
water passing through the sand tank is proportional to a dif-
ference in hydraulic heads (AH=H,-H), ), a cross-section area
A of the sand tank, and the time t elapsed, and is inversely
proportional to a length [, of the sand tank (Equation 1)

(H, - H)
Q~— 3 At

Equation 1

If a proportional factor K is introduced, the Equation 1 can
be expressed as following Equation 2.

Equation 2

The constant of proportionality K is called the hydraulic
conductivity that depends both on characteristics of a fluid
passing through a porous medium and porous medium itself.

Here, (H,-H, )/L is a hydraulic gradient.

The present invention relates to an apparatus for measuring
hydraulic conductivity of sediment in a saturated zone of a
water-sediment interface by measuring a quantity Q of
groundwater passing through a chamber, which is inserted
into sediment under a water-sediment interface, and ahydrau-
lic gradient between two points within the chamber. Here, the
saturated zone means a section where pores of porous
medium are filled with groundwater, whereas the unsaturated
zone means an air-permeable section that is ventilated above
the surface of groundwater.

Generally, the saturated hydraulic conductivity of sedi-
ment under a water-sediment interface may be measured by a
physical method and an estimating method using e.g. a tracer,
modeling, or the like. The physical method is performed
using a standpipe opening at both sides, which is inserted into
sediment under the water-sediment interface, and includes a
method using a constant head or falling head, a coupled
method using a seepage flux and ahydraulic gradient between
surface water and groundwater, a slug test, a grain size analy-
sis and the like. It is evaluated that the physical method is a
more economical than the estimating method like a tracer test
or modeling. However, it has been reported that methods
using the standpipe and seepage meter have problems of
reduced reliability in terms of measuring results, the slug test
has problems in that only horizontal hydraulic conductivity
can be obtained, and the grain size analysis method has prob-
lems of using empirical formulae (Landon et al., 2001). Par-
ticularly, in the case of the standpipe method that directly
measures the hydraulic conductivity of the streambed sedi-
ment in the field, water is introduced into the top of the
standpipe, which is inserted into the streambed sediment that
is atarget object to be measured for hydraulic conductivity, so
as to cause water to flow downwards through sediments
within the pipe, thereby measuring the hydraulic conductivity
in a manner of using a constant head or a falling head.
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However, an apparatus and method of in-situ measuring of
saturated hydraulic conductivity which causes water to flow
upwards through sediment within chamber or pipe with or
without power are not yet provided.

REFERENCE MATERIALS

Matthew K. Landon, David L. Rusy and F. Edwin Harveyz,
2001, Comparison of Instream Methods for Measuring
Hydraulic Conductivity in Sandy Streambeds, Ground Water
V.39, No. 6, p. 870-885.

SUMMARY OF THE INVENTION

Accordingly, the present invention has been made keeping
in mind the above problems occurring in the related art, and
the present invention is intended to propose an apparatus for
measuring hydraulic conductivity of sediment under a water-
sediment interface with high reliability.

The above and other objects of the present invention will be
described below, and will be understood with reference to
embodiments of the invention. Further, the objects and advan-
tages of the invention may be realized by means and combi-
nations disclosed in claims.

In an aspect of the present invention, there is provided a
permeameter for in-situ measurement of saturated hydraulic
conductivity of streambed sediments. In the permeameter, a
chamber and a storage pipe being interconnected via a flex-
ible tube are vertically driven into a streambed while being
spaced apart from each other. Here, in order to lower a
hydraulic head of an inlet of the storage pipe relative to that of
inside of the chamber, the storage pipe is fixedly inserted such
that the depth of the inlet is lower than stage of surface water.
A hydraulic head difference between the inlet of the storage
pipe and the chamber causes water to flow from the chamber
of higher hydraulic head towards the inlet of the storage pipe
of lower hydraulic head. When the depth of the inlet of the
storage pipe under the stage of surface water is fixed, a
hydraulic head difference between upper and lower sides of
the chamber and a flow rate per a unit area for a unit time
(Darcy flux) become constant. The saturated hydraulic con-
ductivity of streambed sediments may be calculated in the
field by substituting the obtained hydraulic conductivity dif-
ference between the upper and lower sides of the chamber and
Darcy flux to Equation 2.

As set forth in the foregoing, the present invention has the
effect of directly measuring the hydraulic conductivity of
sediment at water-sediment interface in the field.

Further, a chamber and a storage pipe are configured such
that they are inserted into the sediment at water-sediment
interface to provide a hydraulic head difference between the
chamber and the storage pipe, thereby causing groundwater
around the chamber to flow from the lower side towards the
upper side within the chamber so that the hydraulic conduc-
tivity of the sediment in the chamber is effectively measured
by measuring the amount of water flowing through the cham-
ber and the hydraulic head difference between the upper and
lower side of the chamber.

Further, during the flow rate of water passing through the
chamber changes, phased hydraulic conductivity is measured
by using phased hydraulic head difference between the upper
and lower sides of the chamber, and the phased measuring
results are compared with each other or functional relation-
ship between phased Darcy fluxes and phased hydraulic gra-
dients is checked, so that precision of the saturated hydraulic
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conductivity that was previously measured can be effectively
verified in a overlapped manner.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the
present invention will be more clearly understood from the
following detailed description when taken in conjunction
with the accompanying drawings, in which:

FIG.11is a view illustrative of a flowing direction of water
in a tank, which depends on the difference in hydraulic head
between the water tanks;

FIG. 2 is a schematic view showing a permeameter for
in-situ measurement of saturated hydraulic conductivity
according to the present invention;

FIGS. 3(a), 3(h), and 3(c) show a front view showing
variations in pressure head between an inlet of the storage
pipe and the chamber, a hydraulic head difference between
upper and lower sides of a 10 chamber, and Darcy flux in the
permeameter according to an embodiment of the present
invention.

FIG. 4 is a graphical diagram showing phased flow rates
and phased hydraulic conductivities between the upper and
lower sides of the chamber, which are measured using the
permeameter according to the present invention; and

FIG. 5 is a graphical diagram showing phased hydraulic
conductivities measured by the permeameter according to the
present invention, and a functional relationship between
phased hydraulic gradients and Darcy flux.

DETAILED DESCRIPTION OF THE INVENTION

Prior to describing various embodiments in detail, it will be
appreciated that the present invention is not limited to details
on construction and arrangement of constitutional elements
described in the description or illustrated in the drawings. The
present invention may be realized and embodied into other
embodiments and may be carried out in a variety of methods.
Furthermore, it should be understood that directional terms
about an apparatus or elements (such as “front”, “back”, “up”,
“down”, “top”, “bottom”, “left”, “right”, “lateral”, or the like)
that are used herein are provided in order to merely simplify
the description of the invention, and they do not mean that
associated apparatus or elements should have such orienta-
tions.

The present invention has the following features for
accomplishing the above objects of the invention.

Hereinbelow, preferred embodiments of the present inven-
tion will be described in detail with reference to the accom-
panying drawings. Prior to describing the embodiments, it
will be further understood that terms or expressions used in
the description and claims should not be construed as general
or dictionary definitions, but should be construed as having
meanings and concepts which are consistent with technical
ideas of the invention based on principles that the inventors
can properly define concepts of such terms for the best
description of his/her invention.

Accordingly, embodiments and configurations described
in this specification and drawings are merely most preferred
embodiments of the invention and do not represent all the
technical ideas of the invention, so that it should be under-
stood that various equivalents and modifications able to sub-
stitute those technical ideas at the time when the present
application was filed may be made.

Measurement of saturated hydraulic conductivity accord-
ing to the present invention will now be described.
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A chamber 10 and a storage pipe 50 which are intercon-
nected via a connection line 40 are vertically installed into a
streambed such that they are spaced apart from each other.
When mounting the chamber 10, the chamber 10 should be
inserted into the streambed slowly in order to prevent sedi-
ment from being disturbed, and the depth of the storage pipe
50 being inserted should be determined such that the depth of
an inlet 52 of the pipe is a fixed depth that is lower than the
surface-water surface.

When the storage pipe 50 is vertically inserted into the
streambed such that the depth of the inlet 52 thereof is lower
than the surface-water surface, a hydraulic head difference
(AH) is generated between the inlet 52 and the chamber 10,
which causes a water flow from the chamber 10 inserted into
the streambed towards the inlet 52 of the storage pipe 50. This
means that groundwater around the chamber 10 flows into the
chamber 10, resulting in water flowing from the lower side
toward the upper side of the chamber 10 and causing a
hydraulic head difference (Ah) between the lower and upper
sides of the chamber. If the depth of the inlet 52 of the storage
pipe 50 under the groundwater surface is fixed, a flow rate of
water flowing through the chamber and the hydraulic head
difference (Ah) between the upper and lower sides of the
chamber are maintained constant, so that hydraulic conduc-
tivity can be obtained by measuring the flow rate and the
hydraulic head difference and calculating a ratio thereof (ac-
cording to Darcy’s law, the hydraulic conductivity is a ratio of
Darcy flux to a hydraulic gradient).

Further, if the depth of the inlet 52 of the storage pipe 50
under the surface water surface is made deeper stepwise, a
hydraulic head difference (AH) between the chamber 10 and
the inlet 52 also increases stepwise, so that a flow rate Q of
water flowing from the lower side toward the upper side of the
chamber 10, and the hydraulic head difference (Ah) between
the lower and upper sides of the chamber also increase pro-
portionally. Phased hydraulic conductivities each mean a
ratio of Darcy fluxes to phased hydraulic head differences
(Ah) of the upper and lower sides of the chamber 10. Since
hydraulic conductivity of a porous medium in the chamber
that is a target medium to be measured is a characteristic
value, phased hydraulic conductivities obtained stepwise
should also be identical. This means that a comparison
between phased hydraulic conductivities obtained stepwise
becomes a means for verifying precision of in-situ measure-
ment of saturated hydraulic conductivity according to the
invention in an overlapped manner.

An exemplary embodiment of in-situ measurement of satu-
rated hydraulic conductivity will be described with reference
1o FIGS. 1to 5.

As shown in the drawings, a permeameter for in-situ mea-
surement of saturated hydraulic conductivity according to the
present invention measures Darcy flux which flows depend-
ing on a degree of hydraulic gradient that is artificially
induced, and analyzes a relationship between the hydraulic
gradient and the Darcy flux, thereby calculating saturated
hydraulic conductivity of a streambed. The permeameter
includes a chamber 10, first, second hydraulic head-measur-
ing lines 20 and 30, a connection line 40, and a storage pipe
50.

The chamber 10 is a hollow cylindrical drum, a lower end
of which is open. The chamber 10 is vertically installed into
the sediment under a water-sediment interface by slowly
pressing an upper portion of the chamber downwards.
Thereby, a medium such as sand and clay in the saturated zone
fills the chamber through the open lower end. An extension
pipe 11 extending out of the water surface is vertically
mounted to the upper portion of the chamber 10, and a hori-
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zontal bar 12 perpendicular to the extension pipe 11 is further
mounted to the uppermost end of the extension pipe 11 in
order to identify whether or not the chamber 10 has been
mounted in a vertical position relative to a surface water-
sediment interface by checking the horizontal position of the
horizontal bar 12. The horizontal bar 12 can also serve as a
grip which is used when the chamber 10 is mounted or
removed.

The lower ends of the first and second hydraulic head-
measuring lines 20 and 30 are connected to upper and lower
portions of an outer circumferential surface of the chamber,
and the other ends extend out of the water surface and are
connected to the manometer 100. Here, the first hydraulic
head-measuring line 20 is the line that is connected to the
upper portion of the outer circumferential surface of the
chamber 10, and the second hydraulic head-measuring line 30
is the line that is connected to the lower portion of the outer
circumferential surface of the chamber 10 (i.e. the position of
the second line is lower than that of the first line 20 on the
outer circumferential surface of the chamber 10). The first
and second hydraulic head-measuring lines 20 and 30 are
provided for measuring a hydraulic head difference (Ah)
between two points in the chamber, which occurs due to head
loss when water flows from the lower side toward the upper
side of the chamber 10 (e.g. using a manometer 100, a hand
vacuum pump 110, and the like). The lower ends of the first
and second hydraulic head-measuring lines 20 connected to
the chamber 10 are covered with mesh filters in order to
prevent an inflow of sediment contained in the chamber 10.

The connection line 40 is a flexible tube, one end of which
is communicatingly connected to the upper end of the cham-
ber and the other end of which is communicatingly connected
to an inlet 52 provided to an outer circumference of the
storage pipe 50 which will be described later. Thereby, water
flowing through the chamber 10 is introduced into the inlet 52
(where a nozzle is mounted to communicate with the connec-
tion line 40) via the connection line 40, filling the storage pipe
50.

The storage pipe 50 is an upper-open ended hollow cylin-
drical pipe with a circular section, which is provided at a
lower end with an inversely conical inserting section 51 thatis
gradually pointed at the other end for easy mounting as it goes
downwards. The storage pipe 50 is directly fixedly inserted
into the streambed vertically while being spaced apart from
the chamber 10. The pointed inserting section 51 of the stor-
age pipe 50 is fixedly inserted into the streambed such that an
open upper portion of the storage pipe extends out of the
water surface so that the surface water cannot be introduced
into the storage pipe via the open upper end. The depth of the
storage pipe 50 under the surface water surface is regulated by
striking a pressing piece 53, which extends out of the outer
circumferential surface of the storage pipe, with a slide ham-
mer, a means for pressing the pressing piece.

Since the storage pipe 50 has a constant cross-section area,
if a change in the level of water introduced into the storage
pipe 50 is measured, it can be checked whether an amount and
an inflow rate of water are constant or not. Since if the inflow
rate of water introduced into the storage pipe 50 is constant,
the change in the water level in the storage pipe 50 linearly
increases, Darcy flux can be measured by selecting a water
level-change section that linearly increases, and obtaining
elapsed time and a total amount of inflow water within the
selected section. The water level-change in the storage pipe is
obtained using an automatic water gauge 60 which is installed
on the bottom of the storage pipe 50. Darcy flux and the
hydraulic head difference (Ah) between the upper and lower
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sides of the chamber 10 are essential elements for calculating
saturated hydraulic conductivity of the sediment using equa-
tion 2.

As previously mentioned, the storage pipe 50 is provided
on its outer circumferential surface with the inlet 52, to which
one end of the connection line 40 is connected to the chamber.
Here, ahydraulic head difference (AH) between the inlet 52 of
the storage pipe 50 and the chamber 10 is regulated by adjust-
ing the position of the inlet 52 of the storage pipe 50, i.e. the
position to which one end of the connection line 40 is con-
nected. As the position of the inlet to which the connection
line 40 is connected is increasingly lowered, the hydraulic
head difference (AH) between the inlet 52 of the chamber 10
increases. Thereby, the quantity Q of water introduced into
the storage pipe 50 is also increased. Further, the permeame-
ter of the invention is also configured such that after the depth
ofthe inlet 52 of the storage pipe 50 is made deeper stepwise,
Darcy fluxes discharged from the chamber 10 and the hydrau-
lichead differences (Ah) between the upper and lower sides of
the chamber 10 are measured so as to calculate saturated
hydraulic conductivity of sediment for each phase. Since
hydraulic conductivity of a porous medium in the chamber 10
that is a target medium to be measured is an intrinsic value,
hydraulic conductivities obtained stepwise should also be
identical if measured precisely. And hydraulic gradients and
Darcy fluxes measured stepwise should have a linear func-
tional relationship therebetween. Thereby, the precision of
the hydraulic conductivities obtained by the permeameter of
the invention can be verified in an overlapped manner by
simply comparing hydraulic conductivities obtained stepwise
each other, and checking whether hydraulic gradients and
Darcy fluxes measured stepwise have a linear functional rela-
tionship, and whether a linear gradient of such a linear func-
tion coincides with hydraulic conductivity that was already
checked.

FIGS. 4 and 5 show results of in-situ measurements of the
hydraulic conductivity streambed sediment at water-sedi-
ment interface with the permeameter of the invention in field.
The chamber 10 vertically inserted into the streambed sedi-
ment has an inner diameter of 10.8 cm and a length of 25.0
cm, and a spaced distance between the lower ends of the first
and second hydraulic head-measuring lines connected to the
chamber 10 is 15.0 cm. The hydraulic conductivity was first
measured in the state that the storage pipe 50 (inner diameter
of4.8 em) was inserted into the streambed such that the depth
of the inlet 52 under the surface water surface is fixed to 10
cm. Then, hydraulic conductivities were measured stepwise
while increasing the depth of the inlet 52 of the storage pipe
50by 3 cm ata time for 6 times such that a final depth reaches
25 cm under the surface water surface.

FIG. 4A shows changes in the level of water introduced
into the storage pipe 50. Here, it could be seen that the step-
wise change in water level was substantially linear. And as the
depth under the surface water surface increases, a rising rate
of water level was increasingly high. The linear change in the
water level means that an inflow of water per unit time is
constant. An increase of rising rate of water level according to
an increase of the depth is caused by the increase in the inflow
of water introduced into the storage pipe 50 due to the
increase in the hydraulic head difference (AH) between the
chamber 10 and the storage pipe 50. FIG. 4B shows measured
results of stepwise hydraulic head differences (Ah) between
the upper and lower sides of the chamber 10 relative to time
elapsed when measuring stepwise hydraulic conductivities.
Here, it could be seen that the phased hydraulic head differ-
ences (Ah) between the upper and lower sides of the chamber
10 were maintained substantially constant as the time
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elapsed, and as the depth of the inlet 52 of the storage pipe
under the groundwater increases, phased hydraulic head dif-
ferences (Ah) between the upper and lower sides of the cham-
ber 10 were increased. These results mean that stepwise water
flow flowing through the chamber 10 is stable.

FIG. 5A shows measured results of hydraulic conductivi-
ties which were obtained using Darcy fluxes and phased
hydraulic head differences (Ah) between the upper and lower
sides of the chamber 10 measured at each step. Here, it could
be seen that the hydraulic conductivities have substantially
the same values (0.06 cm/sec) irrespective of phases. FIG. 5B
shows that phased Darcy fluxes and hydraulic gradients have
a linear functional relationship. From the Darcy’s law, a gra-
dient of this linear function means the hydraulic conductivity
of the streambed sediment. It was checked that the value of
0.06 ci/sec was the same as the value which was obtained by
comparing phased hydraulic conductivities. Such results
means that measured results of saturated hydraulic conduc-
tivity measured according to the present invention is precise,
and the precision can be verified autonomously.

Although a preferred embodiment of the present invention
has been described for illustrative purposes, those skilled in
the art will appreciate that various modifications, additions
and substitutions are possible, without departing from the
scope and spirit of the invention as disclosed in the accom-
panying claims.

What is claimed is:

1. A permeameter for in-situ measurement of saturated
hydraulic conductivity, comprising: a chamber fixedly
installed into a streambed such that the inside of the chamber
1s filled with sediment, wherein a lower end ofthe chamberis
open; first and second hydraulic head-measuring lines respec-
tively communicatingly connected to upper and lower por-
tions of an outer circumferential surface of the chamber for
measuring a hydraulic head difference within the chamber; a
storage pipe designed to regulate a hydraulic head difference
from the chamber and to measure a quantity and a flow rate of
water introduced from the chamber under the streambed; and
a connection line which is a flexible tube and whose one end
is communicatingly connected to an upper end of the cham-
ber and the other end is communicatingly connected to an
outer circumference of the storage pipe such that water flow-
ing through the chamber is introduced into the connection
line so that the water finally fills the storage pipe, wherein the
storage pipe being installed at a distance from the chamber
such that one end of the storage pipe is fixed into the stre-
ambed.

2. The permeameter according to claim 1, wherein the
hydraulic head difference between the chamber and the stor-
age pipe is regulated by adjusting the depth of the storage pipe
under surface-water surface in the field of a target streambed,
such that water flows from the chamber from the lower side
toward the upper side and then to the storage pipe, without
power.

3. The permeameter according to claim 1, wherein the
precision of measured results on the hydraulic conductivity is
verified by selecting one of the three means as follows: (1) a
comparison of phased hydraulic conductivities obtained
when the depth of the inlet of the storage pipe under the
surface water is changed stepwise; (2) checking whether
phased hydraulic gradients and Darcy fluxes have a linear
functional relationship or not; and (3) checking whether or
not a linear gradient of the linear function formed between the
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phased hydraulic gradients and Darcy fluxes coincides with
the hydraulic conductivities checked in the above items (1)

and (2).
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