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Abstract

An Overview of State-of-the-art Hydraulic Conductivity Measurements in Coarse Grained
Materials
Jakob Andrén

Embankment dams are made from soil materials of varying sizes and widely used all over the world.
When constructing these, knowing the hydraulic conductivity (K) of the soil materials is a key
parameter in order to construct safe embankment dams. A knowledge gap regarding K measurements
in coarse grained soils has been identified. This thesis aims to provide a theoretical overview of
present day state-of-the-art methods for measuring hydraulic conductivity and the controlling
characteristics for K. Coarse grained soils refers to a soil with the coarsest grain fraction being > 20
mm and/or have a K > 10*m/s.

It was found that the fixed wall permeameter is the most suitable laboratory method. In the field, it
is possible to estimate K using tracer methods, these however show more potential for leakage
pathway detection. Common for all K measurement methods are the controlling characteristics of K,
grain size distribution, pore geometry, degree of compaction, particle movement and flow regime.
These need to be considered when testing to produce useful measurements. If the relationship
between flow velocity and hydraulic head is non-linear, Darcy's law is not valid for calculating K.
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Sammanfattning

En oversikt over toppmoderna méitmetoder for hydraulisk konduktivitet i grovkorniga material
Jakob Andrén

Fyllnadsdammar &r uppbyggda av jord och spriangsten av olika storlekar och finns 6ver hela virlden.
Att kdnna till den hydrauliska konduktiviteten (K) av de olika lagren dr viktigt for att kunna bygga
dessa pé ett sdkert och hallbart sétt. Det har identifierats en bristande kunskap angéende K métningar i
grovkorniga jord- och stenmaterial. Mélet med denna uppsats &r att presentera en teoretisk oversikt av
den senaste kunskapen inom K métningar i grovkorniga jord- och stenmaterial och vilka egenskaper
som avgor ett materials K. Grovkorniga jord- och stenmaterial syftar till material ddr den grovsta
kornstorleken dr > 20 mm och/eller har ett K > 10 m/s.

For laboratorie métningar dr en permeameter med en solid vigg den mest ldimpliga metoden. For
faltmétningar ar det mojligt att mata K med hjdlp av sparimnen, men dessa har mer potential for att
upptdcka lickage vigar 1 fyllnadsdammar. De faktorer som avgér ett materials K 4r
kornstorleksfordelningen, geometrin av porerna, graden av kompaktering, partikelrorelse och
flodestyp. For att producera métningar som &r anviandbara behdver dessa faktorer kontrolleras. Om
sambandet mellan hydrauliskt huvud och flédeshastighet ar icke linjart kan K inte berdknas genom
Darcy’s lag.

Nyckelord: Hydraulisk konduktivitetsmétning, permeabilitet, fyllnadsdamm, grovkorniga material,
flodesregim
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List of symbols

K = hydraulic conductivity (length/time)

Ks = saturated hydraulic conductivity (length/time)

k = intrinsic permeability (dimensionless)

u = fluid viscosity (m?/s)

Na = dynamic fluid viscosity (Pa x s or kg/s x m)

v = kinematic viscosity (m?/s)

p = fluid density (kg/m?®)

g = gravitational acceleration (m/s?)

i = hydraulic gradient (dimensionless)

p = pressure head (m)

z = elevation head (m)

h = hydraulic head (m)

[ = distance two measuring points along a streamline (m)
d = diameter (m, mm)

d-max = the largest grain diameter in a sample (m, mm)
QO = discharge (volume/time)

A = area (m?)

Re = Reynolds number (dimensionless)

Re,,..= Reynolds number based on pores (dimensionless)
v =mean fluid velocity (m/s)

V' = bulk velocity (m/s)

m = hydraulic mean radius with no wall effect (m, mm)
n = porosity (dimensionless)

e = void ratio (dimensionless)

Ays = volume specific surface area (m?/kg)
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1. Introduction

Embankment dams have been used for thousands of years to control water for flood control, irrigation
and today to produce electricity. They are structures built up of several layers of rock and soil (“What
is Embankment Dam?,” 2018). Due to the nature of dams holding back water, the danger from a dam
failing is not from the dam collapsing and causing damage like a building would, but from the stored
energy in the water rushing downstream. Even a relatively small dam can have deadly consequences
when collapsing, as witnessed 1977 when the Kelly Barnes dam broke. The dam measured roughly

12 x 120 m and when it collapsed it released a water flow estimated at 680 m?/s, killing 39 people
downstream (Filters for Embankment Dams, 2011).

The primary cause of dam failure is from internal erosion. Erosion is caused by water moving
through the dam faster than was intended. As a result, particles are transported, causing erosion,
affecting the structural integrity of the dam (Ferdos et al., 2015). Embankment dams are designed to
leak a certain amount and be able to withstand a certain through flow, also called drainage capacity,
without failing. Certain zones of the dam need to allow more water through than others. Hydraulic
conductivity, K, is one of the key parameters used when designing an embankment dam (Statens
vattenfallsverk, 1988). K, refers to a material's resistance towards water flowing through it and is
measured in meters per second. A higher K allows for more water to move at a faster velocity through
a material (Ho6lting and Coldewey, 2019). There is no set definition for coarse grained materials, in
this thesis coarse grained refers to a material with the coarsest grain fraction being > 20 mm and/or
have a K> 10*m/s.

This study is being conducted because no overviews of K measurements in coarse grained materials
have been found and the Swedish dam industry saw a need to fill potential knowledge gaps. Several
industry standards exist such as Australian standards, AS, ASTM and ISO that cover coarse grained
materials but only ISO standards were directly accessed during this study. ISO standards did not
present a sufficient overview of the measurement methods or the theoretical background to the
recommendations made in the standards.

1.1 Embankment dams

An embankment dam refers to a dam primarily constructed out of compacted soil and rock, built up
by several layers of different grain sizes and properties, figure 1 (Statens vattenfallsverk, 1988).

Figure 1. A schematic cross-section of a high embankment dam (> 15m), 1-the core, 2-4-filters, S-support
rockfill, 6- bedrock injection, 7-concrete foundation, 8-fiterwell, 9-10-erosion protection and 11-dam toe
(Statens vattenfallsverk, 1988 bild 5.1).



Zones 5 and 9-11 consist of the coarse soil material referred to in this thesis. The list below presents
more detailed explanations to the different layers in figure 1:

1. The core acts as a nearly impermeable barrier in the dam with dimensions depending on the
height of the dam, strength of the foundation and underlying material, width of the dam, the material
used and more. One soil that can be used is till (moraine), if it has a permeability of 3 x 107-3 x 10®
m/s and a fine soil content (< 0.06 mm) of 15-40 %, figure 2.

2-4. Filters of increasing grain size. These keep the finer material in the core in place by having a
pore size small enough to keep finer material from washing out, this is called filter criterion. The
filters have a limited grain size distribution, so as not to separate during construction. An example of
these grain sizes can be seen in figure 2.

5. Support rockfill, acts to keep the core and filters in place, figure 2. In the contact with the filter
layers the pore size needs to meet the filter criterion. If the filters and the core are damaged the
support rockfill should have a high enough K to allow a lot of water through, without deforming and
breaking. Thus preventing a complete collapse of the dam.

6. The bedrock injection serves to seal the bedrock from water, maintain a steady water pressure in
the bedrock below the dam and strengthen the bedrock to withstand the weight of the dam without
deforming.

7. The concrete foundation acts as a load distribution, connecting the dam core to the bedrock as
well as a seal for the bedrock injection to build pressure against and achieve sealing. The foundation is
anchored into the bedrock with bolts.

8. The filterwell collects seepage water from the foundation to reduce build up of pore pressure
from the water. High pore pressure reduces the stability of the material and therefore needs to be
controlled.

9-10. Protection from erosion from waves, rain, ice and flooding. These sections are constructed out
of carefully placed blocks for maximum strength, and a contact pore size small enough to meet the
filter criterion.

11. The dam toe supplies extra support for the dam downstream where the water leaks out
(Vattenfall 1988).
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Figure 2. Grain size distribution curves example for an embankment dam. 1-The core, 2-3 filters and 4-support
rockfill (translated from Statens vattenfallsverk, 1988 bild 6.5)

When designing an embankment dam, the thickness of the layers and their grain size distribution
are determined in order to meet the requirements for that layer as detailed above. The support rockfill
and outermost layers of coarse rock needs to allow a lot of water through in case of damage to the
core, while maintaining its stability. The K is a key parameter to determine the composition of these
layers in order to remain stable under high hydraulic load (Statens vattenfallsverk, 1988).



1.2 Defining hydraulic conductivity

The concepts hydraulic conductivity, K, saturated hydraulic conductivity, Ks, permeability and
intrinsic permeability are all important to understand and specify when discussing K measurements.
These can sometimes be used interchangeably (Chesworth et al., 2021; “Soil Survey Technical Note 6
| NRCS Soils,” n.d.), or with important differences. Below are the definitions used in this thesis.

1.2.1 Hydraulic gradient & hydraulic head:

Hydraulic gradient, i, can be defined as the driving force behind water movement. If there is no
hydraulic gradient, the water will be in equilibrium and not move. Hydraulic head, / (m), is the liquid
pressure above a certain horizontal reference plane and the hydraulic gradient is the difference
between two hydraulic heads divided by the length travelled along a streamline, / (m), equation 1 (eq

1) (Holting and Coldewey, 2019; Marshak, 2015).
(h,—h)
(1) h = ———

Hydraulic head is divided into elevation head, z (m), and pressure head, p (m), and the full equation
for hydraulic gradient, i (dimensionless), can be written according to (eq 2), figure 3 (Chesworth et
al., 2021).
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Figure 3. Pressure heads, p, and elevation heads, z, the black bottom line is a horizontal plane of reference, the
dotted lines are streamlines and length refers to the length along the streamline (adapted from Chesworth et al.,
2021).

1.2.2 Darcy's law:

Darcy’s law states that for a certain hydraulic gradient and a specific cross sectional area, 4 (m?), the
discharge, O (volume/time), will depend on the hydraulic conductivity, K (length/time), (eq 3)
(Marshak, 2015). Bear, n.d. state that Darcy's law is a linear relationship between discharge and
hydraulic gradient and is only valid for laminar flow.



K xA(h, —h)
(3) Q = l

The K-value describes how much resistance the material has to water flowing through it. It is not
only dependent on the factors in (eq 3) but also the viscosity of the fluid, 4 (m?/s), the density of the
fluid, p (kg/m®), the acceleration due to gravity, g (m/s*), and the intrinsic permeability, k
(dimensionless). Intrinsic permeability, &, does not account for direction or gradient but is a property
of the material based only on the geometry of the pores, (eq 4), (Chesworth et al., 2021; Ho6lting and
Coldewey, 2019).

4)

1.2.3 Saturated hydraulic conductivity & permeability:

The above equations do not account for unsaturated hydraulic conductivity, K, since matric potential
is not accounted for which plays a role in unsaturated flow. Matric potential is the capillary rise and
surface adsorption forces in soil (how hard the soil holds on to the water) (“Soil Survey Technical
Note 6 | NRCS Soils,” n.d.). Thus what is really described is saturated hydraulic conductivity, Ks, and
this is the term that shall be used in this thesis.

Permeability is a term often used interchangeably with either saturated hydraulic conductivity, Ks
or hydraulic conductivity, K (Chesworth et al., 2021; “Soil Survey Technical Note 6 | NRCS Soils,”
n.d.). In this thesis K, Ks and & shall be used as much as possible to specify what is being described
and discussed.

1.2.4 Flow regime

Darcy’s equation is based on laminar flow and saturated conditions (Permeability tests, 2019;
Sedghi-Asl et al., 2014). In laminar flow the water molecules and streamlines are parallel, water
molecules closer to a surface are slowed down due to friction and thus the flow velocity will vary
depending on how close to a surface the water is. In turbulent flow the water molecules also move
transverse to the overall flow direction. The flow velocity is much more uniform throughout the flow
area cross section in turbulent flow (H6lting and Coldewey, 2019).

The Reynolds number, Re, is a dimensionless parameter that is used to describe the flow behaviour
of water in pipes, pores and joints. It is used to determine when flow transitions from laminar to
turbulent and its general form is calculated according to (eq 5) (Holting and Coldewey, 2019).

dXvXp

5 Re =
) n,

Where d = grain diameter (m, mm) (characteristic length for the corresponding current model) ,

v = mean fluid velocity (m/s), p = fluid density (kg/m’) and 5, = dynamic fluid viscosity (Pa x s or
kg/s x m) (Holting and Coldewey, 2019). Dan et al., (2016) found that the relationship between
hydraulic gradient and flow velocity is nonlinear in unbound graded aggregate material and can be
described by Forschheimers equation.

According to Bear, n.d. there are the following three flow states in porous materials: a) at Re from 1
to 10, viscous forces are dominant and Darcy's law is valid. b) at Re 10 to about 100, the flow first
transitions from a viscous dominated laminar flow to an inertial dominated laminar flow and then to
turbulent flow at the upper end. This flow regime can be called the nonlinear flow regime and Darcy’s
law is not valid. c) is for Re above about 100 and is fully turbulent flow.

1.2.5 Forchheimer's equation



Forchherimer’s equation is used to describe flow in porous media under transitional or turbulent flow
regimes (Dan et al., 2016) and can be expressed according to (eq 6).

(6) [ = —(axv)+(b><v2)

Where i = hydraulic gradient, ¢ and b are parameters and v = mean fluid velocity (m/s). Parameter a
accounts for viscous forces, meaning the energy loss that occurs as a result of friction between the
fluid and the solid surface. Parameter b accounts for inertial forces and is solely dependent on the
porous medium (Bordier and Zimmer, 2000; Sidiropoulou et al., 2007).

The hydraulic conductivity, K, can be calculated according to (eq 7), when a non-linear relationship
between i and v is found, and Forchheimer's equation is fitted to the curve with good agreement.

(7) K= —

Where a refers to parameter a in Forchheimer's equation. Or according to (eq 8).

®) K = pXgXxk
nﬂ

Where p = fluid density (kg/m®), g = gravitational acceleration (m/s?), k = intrinsic permeability
(dimensionless) (eq 4) and 7, = dynamic fluid viscosity (Pa x s or kg/s x m) (Dan et al., 2016). There
are several different equations for calculating parameter a detailed by Dan et al., (2016) and parameter
a and b detailed by Sidiropoulou et al., (2007).

1.2.6 Air entrapment

Due to the K being dependent on the flow of water through the cross sectional area, (eq 3), entrapped
air in the soil has a significant impact on measurements. Bouwer (1966) cited in (Chesworth et al.,
2021)) states that the pore size and configuration is the controlling factor for K. Any air stuck in the
pores will alter the flow paths available for water and hence reduce K. Both Lagerlund, (2020) and
Sedghi-Asl et al., (2014) use vacuum pumps to get air out of their piezometers before running the test
in fixed wall permeameters. A permeameter is a device used to test the K of a material. Air in the
material will decrease the K (Mohanty et al., 1994; Permeability tests, 2019) and thus if air is present,
values produced are not for Ks but for a K-value with a certain amount of air. Air is also present in the
water and de-aired water may be used (Permeability tests, 2019), using de-aired water facilitates
reaching complete saturation (Chapuis, 2012).

1.3 The primary determining characteristic of hydraulic conductivity
1.3.1 Grain size distribution and pore geometry

Bouwer (1966) cited in (Chesworth et al., 2021) states that the pore size and pore geometry is the
controlling factor for K. Dan et al., (2016) found that the passing % by weight of grains < 0.075 mm
can be used to control the K. Holting and Coldewey, (2019), Statens vattenfallsverk, (1988) and
Tennakoon et al., (2012) all state that the fine grained fraction is the controlling factor for K and that
increasing the amount fine grains decreases the K. An example can be seen in figure 4 where two
grain size distribution curves are presented and named according to their comparative K.
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Figure 4. Showing two different grain size distribution curves. The dashed line having less fine grained particles
will have a higher K value than the solid line.

Bagci et al., (2014) conducted fixed wall permeameter tests using 1 or 3 mm steel spheres carefully
compacted to ensure a correct porosity based on their uniform shape. The porosity of the 1 mm
spheres were 35.01 % and 35.58 % for the 3 mm. At a velocity of 0.05 m/s the pressure drop was five
times higher in the 1 mm spheres measured close to the ends of the sample. This is attributed to the
smaller pore spaces and more winding flow path in the 1 mm spheres. The irregular pore spaces,
mixing of flow paths and separation of microscopic flow fields from the internal geometry are
possible causes for flow to transition from laminar to turbulent flow in porous materials (Bagc1 et al.,
2014).

1.3.2 Compaction and particle movement

Dan et al., (2016) tested different mixtures of rock material with the diameter 0 - 5 mm, 5 - 10 mm
and 10 - 20 mm in a fixed wall permeameter measuring 100 mm diameter and 450 mm high. They
found a linear relationship between compaction and K above 90% compaction. At the same degree of
compaction a higher percentage of finer particles yielded lower K-values. Statens vattenfallsverk,
(1988) state that at higher normal pressure a finer grained material will decrease K more than a
coarser material. If the compaction is higher than the strength of the rock, solid angles can be broken
off and more fine particles produced (Chapuis, 2012).

Siddiqua et al., (2011) found that at or near a hydraulic gradient of one, a few or several particles
got uplifted by the upwards flow through the fixed wall permeameter. The material tested ranged from
10 - 150 mm in diameter in different gradations. This uplift of particles is concluded to be the reason
why data dropped off the trendline for high hydraulic gradients due to this occurring in all tests where
particles started moving. Zou et al., (2013) attribute a sharp increase in K-values in unloaded tests due
to local particle movement and call this threshold the critical gradient. Chapuis, (2012) state that
internal erosion can be an issue in fixed and flexible wall tests and that if or how much erosion has
occurred can be evaluated by analysing the sample in sections for grain size distribution. The tests
conducted by Benamar et al., (2019) support this and their tests showed that the overall stability of the
sample was not affected by particle movement since only a small fraction of the material is small
enough to be transported. However the movement of fine particles reduced the K and increased the
hydraulic gradient where the particles were deposited (Benamar et al., 2019).



1.3.3 Flow regime

Dan et al., (2016) found that above a hydraulic gradient of 0.1 the Re surpassed 10 for almost all of
the different mixtures and Forchheimer's equation was used instead of Darcy's law. This was also
confirmed by the relationship between hydraulic gradient and flow velocity not being linear. This non
linear relationship between hydraulic gradient and flow velocity is the main way of evaluating flow
regime in porous materials (Sedghi-Asl et al., 2014). Statens vattenfallsverk, (1988) also states that for
coarse grained soils Darcy's law is no longer applicable and the discharge is a square function rather
than a linear function of the flow velocity. McCorquodale et al (1978), cited in Hansen, (1992) found
that, based on evaluating 1250 column tests, fully turbulent flow occurs at Re,,, > 500. Based on
calculating the pore Reynolds number according to (eq 9).

VXxm
) Re = —
pore vXn
Where V' = bulk velocity (m/s), m = hydraulic mean radius with no wall effect (m, mm), n =
porosity (dimensionless) and v = kinematic viscosity (m?/s). The hydraulic mean radius is the radius
inside the pores that the water flows through and can be calculated according to (eq 10).

e

A
Vs

(10) m =

Where e = void ratio (dimensionless) and 4,5 = volume specific surface area (m*/kg), which is the
surface area of the particles for a specific volume. For example with a v = 1.003 x 10 m*/s and
n =045 at a m = 1 mm the minimum velocity to achieve fully turbulent flow occurs at 0.23 m/s
(Hansen, 1992). The materials tested by Hansen, (1992) were crushed limestone, graded subrounded
gravel and round glass marbles. A hydrostatic head of 2.9 m at the bottom of the fixed wall
permeameter was sufficient to produce non-Darcy flow in all materials. Hansen, (1992) also found
that depending on how jagged and irregularly shaped the material is, different equations will estimate
the non-Darcy flow differently.

Sedghi-Asl et al., (2014) conclude that for rounded materials over 2.8 mm in diameter Darcy’s law
is not valid. Instead the method to predict the relationship between hydraulic gradient and flow
velocity proposed by Sidiropoulou et al., (2007) is the best when compared to several other methods.
According to Sedghi-Asl et al., (2014), Sidiropoulou et al., (2007) overestimated the hydraulic
gradient for small grains and underestimated for large grains while Ergun (1952), Kovacs (1977) and
Ergun-Reichlet methods (1990) cited in Sedghi-Asl et al., (2014) overestimated i for all grain sizes.
Bagc et al., (2014) found that the permeability of the material varied depending on the flow regime
and Leibundgut et al., (2009) stated that groundwater flow turns turbulent > 50 m/d or
5x 10* m/s.

1.4 Tracers

A different method to investigate the K or leakage of embankment dams is the use of Tracers. Tracers
can be used for many different applications such as tracing phase changes, determining the flowpath
and age of water in an aquifer, studying the climate and more. In this section an short overview of
tracers will be presented focusing on the relevant information regarding the use of tracers for
determining the hydraulic conductivity, K.

Tracers are divided into two main categories, environmental- and artificial tracers. Environmental
tracers include environmental isotopes, hydrochemical substances and pollution tracers. These occur
naturally in the water and are added through precipitation and geogenic sources, pollution is not
natural to the water but comes from the same input. Artificial tracers include fluorescence-, salt-,
radioactive-, activatable-, advanced tracers and drifting particles. Fluorescence tracers are the most
commonly used. These are added to the water and are the type of tracer used to determine the K of a
system (Leibundgut et al., 2009).

The properties of an ideal tracer should be distinguishable from the water that is tested, (Dong et
al., 2016; Leibundgut et al., 2009) move with the same velocity as the water and not be absorbed by



the materials in the borehole and measuring equipment. Injecting a tracer is a form of contamination
and using as little as possible is recommended (Leibundgut et al., 2009). Commonly used artificial
tracers have been studied for their human and eco-toxiological effect and several are found to be
harmless, for example uranine, eosin yellow, amidorhodamine G (Behrens et al., 2001). Long term
metabolism of fluorescent tracers needs to be taken into account. The general approach when using
tracers is to measure a known volume or concentration of a tracer over time and space. Using a
combination of different tracers especially combining artificial- with environmental tracers, reduces
the error potentially caused by either tracer method (Leibundgut et al., 2009).

1.5 Research questions

Coarse grained soil materials are used when building embankment dams. Understanding the
behaviour of these materials is a key parameter for designing safe and long lasting embankment dams.
This thesis aims to fill a knowledge gap regarding hydraulic conductivity measurements in coarse
grained materials by answering the following questions:

e What are the state-of-the-art methods used to derive hydraulic conductivity from porous
materials, in the laboratory and in the field?

e What methods are suitable for coarse grained materials?

e  What are the controlling characteristics for hydraulic conductivity?

2. Method

A literature survey was conducted using databases and keywords listed in table 1. All sources were
checked against Cabells predatory reports list and peer-reviewed sources were used as much as
possible. In total over 160 books, articles and online contents from the fields of dam construction,
road building, soil science, railway industry and more, were reviewed.

Table 1. Showing databases used and examples of keywords used.

Databases Examples of keywords

Uppsala  university | Hydraulic conductivity AND coarse grained OR train tracks OR rockfill
library search engine | OR support rockfill OR embankment dams OR ...

DIVA Permeability AND drainage bed OR measurement OR method OR ...
SGI-line Hydraulisk konduktivitetsmétning

USGS Permeabilitetsmétning

Energiforsk Maitmetoder for hydraulisk konduktivitet

SKB Pump test OR celltryckspermeameter OR falling head test OR ...
ResearchGate Hydraulic conductivity controlling characteristics

Engineering Village | Turbulence in coarse grained materials

Scopus Embankment dams
Google scholar Reynolds numbers
Google Tracer AND hydraulic conductivity




2.1 Demarcation

This thesis presents an overview and not a detailed study on every measurement method. Therefore
examples of equations are given when needed, and not all possible equations or their drawbacks and
advantages. Falling- / constant- / rising head has neither been elaborated on and only mentioned as a
possibility. Air entrapment is only mentioned and not elaborated on in this thesis. Parameters a and b
from Forchheimer's equation are not elaborated on.

3. Results
3.1 Laboratory methods

3.1.1 Fixed wall permeameter

A fixed/rigid wall cylindrical permeameter or “rorpermeameter” is the most common laboratory test
method for coarse grained materials (David Suits et al., 2005; Koohmishi and Palassi, 2018; Luo et
al., 2020; Permeability tests, 2019) or materials with a saturated hydraulic conductivity,

Ks >1x10°m/s (D18 Committee, n.d., n.d.). The basic setup is a rigid cylinder where the test sample
is placed between two porous discs, with a high enough Ks so as not to affect the measurements.
Before measurements begin the air needs to be removed from the testing material, this can be done
using vacuum pumps (Chapuis, 2012; Lagerlund, 2020; Sedghi-Asl et al., 2014).

A common setup for a constant head test is using an adjustable overhead tank, where the water
level in the overhead tank is kept constant throughout the testing procedure, figure 5 (Permeability
tests, 2019; Tennakoon et al., 2012). Other setups include the falling head test, constant tail test and
raising tail test further described in (Permeability tests, 2019). One way to measure the volume of
water passing through the sample is to collect it and weigh it, figure 5 (Koohmishi and Palassi, 2018;
Permeability tests, 2019).

Permeability tests, (2019) recommends measuring the elevation heads at glands placed along the
sample within the porous discs as to reduce inaccuracies from head losses in tubes, valves and filter
discs. Lagerlund, (2021) states that this is due to the large pores in coarse grained materials. If the
pore structure in the material is larger than the tubes, valves and filter discs these will be the
determining factor for the Ks. The minimum internal diameter of the permeameter should be 4 - 10
times d-max (ASTM 2011a cited in Chapuis, 2012; ASTM 2006 cited in Ferdos et al., 2015). This is
to reduce seepage along the wall of the testing cylinder. Permeability tests, (2019) state that a
hydrophobic coating can be used to reduce wall-seepage further. According to Lagerlund, (2021) there
is no need for a hydrophobic coating in coarser materials, and due to the large pores within a sample
of this size this is no longer needed. To check if the flow is primarily in large pores or along the wall a
non-reactive tracer test can be utilized (Chapuis, 2012). AS 1289.6.7.3-1999 cited in Tennakoon et al.,
(2012) states a minimum sample height of five times d-max and (Permeability tests, 2019) states a
minimum internal height to be six times d-max.

Materials tested in different permeameters varied from coarse rockfill d = 10 - 150 mm (Siddiqua et
al., 2011), coarse soil d = 0 - 50 mm with Ks = 0.1 - 5 x 10* m/s (Benamar et al., 2019) and railway
ballast with different kinds and degrees of fouling with Ks = 1 - 4.7 x 10° m/s (Paiva et al., 2015;
Tennakoon et al., 2012).
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Figure 5. An example of fixed wall permeameter (Permeability tests, 2019).

An example of a large fixed wall permeameter is the one used by Lagerlund, (2020). It has an
internal diameter of 1000 mm, a maximum sample height of 1100 mm and can accommodate grain
sizes up to 250 mm. The filter zones are constructed out of a 300 mm thick golf ball layer, a 30 mm
steel plate with holes in it and a fine steel mesh closest to the sample. This is in order to distribute the
water evenly across the entire sample width. During testing the hydraulic gradient is controlled
through a fixed height reservoir and an adjustable outlet height. The water flows vertically up through
the sample or down depending on the configuration. The elevation head is measured by 16 glands
along the sample height distributed across 4 levels (Lagerlund, 2020).

3.1.2 Flexible wall permeameter

A flexible wall permeameter / triaxial permeameter or “celltryckspermeameter” is a laboratory
method used when tests are performed on a pressurized sample. The test can be conducted in a triaxial
device with porous discs sealing the sample from the bottom and the top and a water measuring
device, for example collecting the water and measuring it, figure 6 (Permeability tests, 2019).
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Figure 6. An example of a flexible wall permeameter (Permeability tests, 2019)

Materials tested were residual soil, with Ks = 9.48 x 107 - 6.25 x 107" m/s (Samingan et al., 2003),
kaolinite and marine clay with Ks =8 x 10" - 2 x 10 m/s (Sridhar and Robinson, 2013), well-graded
sandy-silt soil with Ks =4 x 10? - 10°®* m/s (Kandalai et al., 2018) and fine-grained soils with
Ks = 7.8 x 10° - 10 m/s (Benson and Yesiller, 2016). No device described by Samingan et al., (2003)
could measure Ks > 10° m/s. D18 Committee, n.d. state that for a Ks > 1x10” m/s method D2434
(fixed wall permeameter) should be used. According to Daniel et al., (1985) flexible wall
permeameters are better than fixed wall permeameters at reducing side wall leakage as well as testing
samples under effective stress.

3.1.3 Plane-strain permeameter

A plane-strain permeameter is designed to test soil samples under horizontal and vertical load. It
consists of a square sample chamber where one side wall and one porous plate are mounted to soft
rubber in order to move. One wall moves as the vertical pressure cylinders push on it. Another
horizontal pressure cylinder is mounted in order to control the horizontal pressure, figure 7 (Zou et al.,
2013).
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Figure 7. A simplified figure of a plane-strain permeameter. The pressure cylinders apply pressure to the sample
through the movable plate and movable porous wall, which compresses the soft rubber. The porous walls allow
water to flow through during testing and pore water pressure measurements taken through holes in the sample
chamber (adapted from Zou et al., 2013).

A water reservoir with a float to maintain a constant water level is used to adjust the water pressure.
Inlet water pressure sensor, pore pressure sensor, pressure gauges in the cylinders and a piston stroke
dial are used to collect data. It could accommodate soil samples roughly 800 x 400 x 400 mm and a
maximum grain size of 80 mm. The movable plate and the movable porous wall allow the chamber to
vary from 400 - 460 mm in height and 740 - 860 mm in length. The maximum vertical pressure was
2000 kN and 1000 kN in the horizontal direction. The maximum water pressure was 3 MPa with a
maximum discharge of 117 cm?/s (Zou et al., 2013).

Materials tested by Zou et al., (2013) came from the core soil (gravelly clay) and granular filter of
the Shuangjiangkou Dam. Tests were conducted with both a core sample and a filter sample in the
testing chamber to simulate the transition from filter to core in the dam. The core soil had a grain size
from 0.07 - 100 mm and thus any grains larger than 60 mm were replaced with an equal amount of
grains ranging from 5 - 60 mm, due to the maximum grain size of the permeameter being 80 mm. The
granular filter had a grain size from 0.004 - 20 mm. Three tests were conducted with the same
material and testing parameters in order to ensure repeatability from the testing method. The materials
had a Ks-value of 4 x 10 - 107 m/s depending on the volumetric strain. Tests were conducted with no
loading of the specimen, one directional compression and two directional compression. The results
showed that the Ks decreased and the critical gradient for particle movement increased under higher
volumetric strain (Zou et al., 2013).

3.1.4 Evaporation method

The evaporation method by Schindler (1980) cited in Hartmann et al., (2020) and Peters and Durner,
(2008), is a laboratory method used to determine the water retention and hydraulic properties of a soil
sample. During testing a saturated sample is dried evenly at a slow rate through evaporation. The
matric potential is measured at two heights within the sample by tensiometers and the weight of the
sample is continuously measured. The water retention curve is calculated based on the matric
potential and soil water content. The hydraulic gradient can be calculated from the matric potential
and flow rate from decrease in water content. Hydraulic gradient and flow rate are then used to
calculate K (Hartmann et al., 2020; Peters and Durner, 2008). Samples measured by Hartmann et al.,
(2020) were different moraine samples that measured 250 cm® and sandy loam soil and clay with a
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sample height of 6 cm was used by Peters and Durner, (2008). Masaoka and Kosugi, (2018)
developed an “improved evaporation method” that was estimated to be able to measure K up to
oughly 3 x 10 m/s (27 cm/day).

3.1.5 Multistep outflow permeameter

The multistep outflow permeameter is a laboratory method used to determine soil water retention and
hydraulic properties (Bagarello et al., 2000). The test can be performed on disturbed or undisturbed
soil samples. First the sample is saturated and then placed in a modified Tempe pressure cell, figure 8,
measuring 8.25 cm in outside diameter and 6 cm long (Tuli et al., 2001) on top of a porous plate
(Bagarello et al., 2000). Tensiometers are used to measure the matric potential. The water level in the
sample is then lowered in increments and the outflow water is collected and measured. The
experiment generates outflow vs. time and pressure head vs. time measurements that then can be
analyzed and K calculated (Bagarello et al., 2000; Tuli et al., 2001).
Materials measured had a K of around 3 x 10° m/s (0.01918 cm/min) (Tuli et al., 2001) and

5 x 10°-3x 107 m/s (20-100 mm/h) in sandy loam soil with a relatively high sand and gravel content
(Bagarello et al., 2000). For coarse materials an error due to the fitted retention function can become
significant, and thus provide unreliable data (Peters and Durner, 2006).
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O-rings ™~ water level
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/
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Figure 8. A simplified figure of a modified tempe pressure cell used as a multistep outflow permeameter
(adapted from Tuli et al., 2001).

3.2 Field methods
3.2.1 Guelph- / well- / borehole permeameter (GP)

The Guelph- / well- / borehole permeameter or shallow well pump-in method, referred to as GP in this
thesis, is a field method to determine K, sorptivity and the matric flux potential (Angulo-Jaramillo et
al., 2016). To conduct a measurement a vertical hole is dug. The dimensions vary depending on the
soil type. According to Reynolds and Elrick (2005) cited in Angulo-Jaramillo et al., (2016), the most
common wells are 0.1 - 1 m deep and 0.04 - 0.1 m in diameter. The walls of the hole must not be
smeared from the digging procedure or action to remedy this must be taken. The permeameter consists
of a support tube with outlets that is placed on the bottom of the well. To this tube a reservoir is
attached with a control system, to ensure a constant water level in the well. The outflow from the
support tube is designed to limit flow velocity in order not to damage the walls of the well, figure 9.
When conducting a measurement the well is filled to the desired level and the time between two
water levels in the reservoir is measured. When a steady state for the infiltration has commenced
measurements are taken. A steady state is achieved when the saturated area created by the water in the
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well stops expanding. By knowing the amount of water that has drained into the well of known
dimensions, the K value can be calculated (Angulo-Jaramillo et al., 2016; Reynolds and Elrick, 1986).
The compilation of 10 studies done with the GP compared to other methods done by
Angulo-Jaramillo et al., (2016), show that no materials coarser than sand were measured. The range of
which a commercially available GP can measure K = 10® - 10 m/s according to Angulo-Jaramillo et
al., (2016).

+——— Air tube

/ Reservoir

Well

Tripod
— p

Ground

Outlet port

Figure 9. A simplified figure of a Guelph- / well- / borehole permeameter (GP) (adapted from Reynolds and
Elrick, 1986).

3.2.2 Drive point method

The drive point method is based on the Guelph permeameter (GP) but uses a drive point instead of a
dug/augured well, figure 10. The drive point can be pushed, rotated or vibrated into the ground. The
outflow tube from the GP control system and reservoir is connected to the drive point casing. The
water level in the drive point is kept at or below the height of the outflow screen. During testing the
water level is kept constant and after a steady state has been achieved the testing begins. The time
between two levels in the reservoir are measured. By knowing the amount of water that has drained
into the ground, the height of the water in the drive point and the radius of the outflow screen the Ks
value can be calculated.
Materials measured were well sorted medium-coarse sand and had a K value of around

3 x 10* m/s (Reynolds and Lewis, 2012). Due to the outflow screen only directing water radially and
the conical tip being solid, no vertical flow of water occurs in the GP method. Therefore the GP
calculations are modified to account solely for horizontal flow (Angulo-Jaramillo et al., 2016;
Reynolds and Lewis, 2012). Reynolds and Lewis, (2012) found that the drive point method produced
similar results to pump and slug tests in coarse sand. They also found the drive point method to be
inaccurate in soils that deteriorate structurally when wetted due to the soil collapsing around the drive
point.
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Figure 10. Displaying a drive point inserted into the ground. The height of the water inside the drive point (H)
must not exceed that of the outflow screen. The conical tip is of the same width as the drive point casing. The
arrows represent the radial flow of water (adapted from Reynolds and Lewis, 2012).

3.2.3 Pump- / borehole method

The pump- / borehole method is based on measuring the in- or outflow of water from a borehole of
known dimensions. Water permeability tests in a borehole using open systems, (2012) recommend
using the following tests for soils with a K > 10 m/s; a constant flow rate test, either drawing water
from the borehole, if it goes deeper than the groundwater surface, or by supplying a constant flow into
the borehole (Holting and Coldewey, 2019). For soils with a K value ranging from 10°m/s to 10°m/s
a variable head is recommended. This is done by generating an immediate change in hydraulic head in
the borehole and measuring the change in hydraulic head over time. A constant head test is
recommended for soils with a K-value ranging from 10*- 10”7 m/s. Here a constant head is maintained
in the desired section of the borehole and the flow rate is measured over time.

The equipment needed is a drill, casing, piezometer, water reservoir/supply system, bail or pump
system, constant flow device, filter material and/or perforated tube, in borehole/casing water level
measurement device, time recorder and a setup to determine the flow rate for the constant head or
constant flow tests. Depending on what test is conducted not all of the equipment is needed, figure 11
and 12 (Water permeability tests in a borehole using open systems, 2012).
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a) With perforated tube b) With filter material c) Open end test
Key
Key 1 ground
1 ground 6 casing 2 top surface
2 top surface 7 perforated tube 3 water table
3 water table 8 filter pack 4 casing
4 test section L length of the test section . X
. . . D diameter of the test section
5 perforated or closed disc D diameter of the test section

Figure 11. Different setups for the borehole- / pump method in unstable rock. a) uses a perforated tube that is
inserted before the casing is withdrawn, b) uses a filter pack and the casing is withdrawn ¢) is an open end test
where water only flows out of the bottom of the borehole, (modified from Water permeability tests in a borehole
using open systems, 2012).
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c) With filter material d) Without filter material
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Figure 12. Different setups for the borehole- / pump method in stable rock. a) uses a packer to seal the borehole,
b) is called a temporary piezometer where a measuring tube is inserted into a filter pack and the borehole is
sealed with a plug. ¢) and d) are with or without filter material, in both cases the casing is withdrawn, (modified
from Water permeability tests in a borehole using open systems, 2012).

Constant head and free infiltration tests were conducted by (Ferdos et al., 2015), in coarse rockfill
material. The material had grains varying from 0 - 1000 mm in diameter. The characteristic/
representative grain size was 128 mm in diameter. The data was analyzed both assuming laminar flow
as well as turbulent flow nearest to the borehole and used a two-regime flow analysis. It was found
that the flow was transitional rather than fully turbulent and the K calculated using Darcy's law and
laminar flow matched the measured data the best. The material had a K-value of 0.10 m/s (Ferdos et
al., 2015).

Tests can be carried out in both saturated and unsaturated soil. Coarser soils are usually unsaturated
due to the high K value and the flow pattern from the well will differ from saturated tests, figure 13
(Water permeability tests in a borehole using open systems, 2012). Holting and Coldewey, (2019)
remark that results gained from pumping tests are generally a rough estimate due to the circumstances
of the test; layer thickness varies in the ground, erosion can occur and the grain size distribution
varies.
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a) Saturated conditions b) Unsaturated conditions

Figure 13. Showing a simplified view of how the flow pattern from a well into unsaturated vs saturated soil
differs (modified from (Water permeability tests in a borehole using open systems, 2012).

3.2.4 Single well technique / point dilution method

Single well / borehole technique or point dilution method uses a single borehole or well where a tracer
is added and the dilution of the tracer is measured over time (Dong et al., 2016; Leibundgut et al.,
2009). The K can be calculated using Darcy's law by knowing the hydraulic gradient and filter
velocity which is calculated from the dilution logs (Leibundgut et al., 2009).

After drilling the well a filter pipe should be installed with a high enough K as not to disturb the
water flow. The direction of the water flow can be measured either using a direction sensitive
detection device (Leibundgut et al., 2009) or the average vertical and horizontal flow can be
determined by moving the detection device up and down in the borehole until two complete
concentration curves have been established, figure 14. This requires the tracer to be released at a
certain height in the borehole (Dong et al., 2016).

Concentration

Depth

Figure 14. Showing two complete dilution curves distinct from the background concentration. Depth,
concentration and time is measured (adapted from Dong et al., 2016).

According to Dong et al., (2016) and Leibundgut et al., (2009) flow velocities over 5 x 107 m/s can
be measured. Below 5 x 107 m/s the diffusion of the tracer becomes too significant. Up to 5 x 10 m/s
Darcy's law can be used to calculate K, but above that the groundwater flow becomes turbulent and
other calculations are required (Leibundgut et al., 2009). Flow velocities measured by Jamin et al.,
(2020) and Maldaner et al., (2018) ranged from 10° - 0.1 m/s and were recorded in sand and
dolostone bedrock.
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3.2.5 Quantitative determination of hydraulic conductivity using tracers

By releasing a certain amount of tracer in one location and measuring the concentration at a known
distance away from that point, figure 15 an estimate for the K can be determined (Leibundgut et al.,
2009). The release point can be a well, a borehole, a spring or any other location where the tracer can
be released (Bodeving, 2020; Holting and Coldewey, 2019; Leibundgut et al., 2009). In order to
calculate K correctly the boundary conditions are included. Depending on the setting, the water can
flow in one, two or three directions, figure 15, this will affect the measurements (Bodeving, 2020;
Leibundgut et al., 2009).

Distance

Release point Measuring point

Flow barrier /

Figure 15. A test setup for a tracer test with the release point and measuring point at a known distance and a
known flow barrier (adapted from Bodeving, 2020).

Flow direction

During testing the tracer is released in a single pulse or as a constant injection. In both cases the
exact concentration and quantity of tracer have to be known (Leibundgut et al., 2009). The
concentration of the tracer is measured over time at the measuring point. The concentration over time
is recorded in a breakthrough- / transit curve, figure 16 (Bodeving, 2020; Holting and Coldewey,
2019) and the discharge can be calculated using the trapezoidal approach as well as mass recovery of
the tracer (Leibundgut et al., 2009). Average flow velocity is calculated by knowing the boundary
conditions and hence the area water flows through (Leibundgut et al., 2009). The K can be calculated
by knowing the difference in hydraulic head between injection - and measuring point, the average
flow velocity and the porosity. Materials measured were unconsolidated weathered rock and had an
average flow velocity of 0.011 and 0.045 m/s (Bodeving, 2020). This method has also been used to
detect leakage pathways in dams (Dong et al., 2016).

18



100 —

=

c

: r
= — 100
© —
© =)
S

< -———— a
g - g
c P >
] 27 8
Q 7 n‘__p
b ’

Q 7 [
Q " (7]
s P o
= , =

P4
0 = 0
0 Time after release 100

Figure 16. A breakthrough- / transit curve where the solid grey line is the tracer concentration and the dotted
black line the mass recovery (adapted from Bodeving, 2020).

3.2.6 Disc permeameter / Tension infiltrometer

A disc permeameter, also called a tension infiltrometer in the US, is a field infiltration measurement
device. It applies a constant negative potential (tension) to the soil in order to avoid macropore (large
pores) flow. In order to favor soil matrix flow, which is the dominant flow during infiltration from
rainfall and irrigation. The permeameter consists of a 20 - 25 cm cylinder pushed into the ground at
the measuring location. Sand is then placed within the cylinder to provide a smooth contact surface
and avoid surface soil disturbance during testing. To this cylinder is a plate with a water reservoir and
bubbling tower connected, that generates the negative potential ranging from -200 mm - 0 mm, figure
17 (Perrouc & White 1988 cited in Ankeny et al., 1991; Bagarello et al., 2000; Eusufzai and Fujii,
2012; Joel and Messing, 2000; Mohanty et al., 1994).

K is calculated based on steady-state flow and the device can be set-up to measure unsaturated K, K
at near saturation and Ks. Materials measured were volcanic ash soil with Andisol and clay loam
texture, sandy clay with a clay content of roughly 30% and sandy loam soil. The Ks values varied
from 5.7 x 10” - 1.9 x 10° m/s (Bagarello et al., 2000; Eusufzai and Fujii, 2012; Joel and Messing,
2000; Mohanty et al., 1994). A disc permeameter is limited to measuring soils with a lower K value
than that of the conductance material, typically sand, and the porous membrane of the permeameter
(Mohanty, Kanwar & Everts 1994).
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Figure 17. A simplified figure of a disc permeameter / tension infiltrometer (adapted from Castiglione et al.,
2005).

3.2.7 Velocity- / falling head permeameter

The velocity- / falling head permeameter is a field method where the infiltration rate of the soil is used
to calculate Ks. It was modified for field use by Merva (1987) cited in Mohanty et al., (1994).
Measurements are conducted using a 8.4 cm diameter cylinder with a closed cap that is pushed into
the ground about 7 cm. Two hoses are connected to the cap, one to let air out and one connected to a
water tank as well as an observation tube. The soil core within the cylinder is then saturated and the
time it takes the wetting front to move through the soil core is recorded using the observation tube.

The Ks is then calculated using the diameter and length of the cylinder and the time it took the
wetting front to exit the soil core. Soils measured where glacial-till soil had a Ks value ranging from
7.1x 10%-3.46 x 10° m/s (7.1 x 107 - 3.46 x 10 mm/s) (Mohanty et al., 1994).

4. Discussion

Several different methods for measuring hydraulic conductivity, K, and saturated hydraulic
conductivity, Ks, have been presented, not all are suitable for coarse grained materials found in
embankment dams. Table 2 summarizes all the methods found and rates them according to suitability
for coarse grained materials. Methods found suitable are discussed in this chapter, divided into
laboratory- and field methods. The topics presented in section 1.3 “The primary determining ...” are
not discussed separately for each method, since most of these can have an effect on several if not all
methods, but are discussed in their own section.

The discussion is written based around embankment dams and the implications these measurements
might have on the construction, monitoring and maintenance of these dams.
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Table 2. Compilation of all measurement methods presented in the results, organized according to laboratory- /
field method, materials measured in the studies used in the results, K/Ks-values in those materials, my own
assessment regarding suitability for coarse grained materials and an explanation to that assessment.

Suitable
Laboratory / K-values of fi
Method . ry Materials measured materials or cfmrse Explanation
Field d (m/s) grained
measured (s) ) aterials?
Coarse rockfill, coarse
Fixed wall Laboratory st_nl, J'allmrgy ballast with 1E-7— 1 Yes Easily sc.alalz_;le to accommodate
permeameter different kinds and large grain sizes
degrees of fouling
. Core soil and granular
P{leinme;:tr;ttr; Laboratory (filter from an 4E-8 - 1E-7 Yes S'?:ileiz:so accommodate large
P embankment dam &
Residual soil, kaolinite
Flexible wall Laboratory clay, marine clzfy, Wlell- SE-11.9E7 |No No need to se?l the edges in
permeameter graded sandy-silt soil coarser materials
and fine-grained soils
. . Small sample size, coarse
Evaporation Laboratory Mfuame, sandy loam > 3E-6 No materials having a very low matric
method soil and clay . ©
potential
Multistep Sandy loam soil with a . . .
outflow Laboratory Irelatively high sand and 3E-6 - 3E-5 No Error in fitted re?entlon fanction
for coarse materials
permeameter gravel content
. . . Only limited by the wetted
Dr t . Well sorted medium- - )
tive powt Field ©F sorted meditt =~ 3,00E-04 Yes stability of the material and the
method coarse sand . . . .
ability to insert the drive point
Pump. / Several different setups available
p- Field Coarse rockfill 1E-7 - 1E-1 Yes depending on the material
borehole method .
characteristic
Single well 1E-5—-1E-1
technique / point Field Sand and dolostone (flow velocity, Yes No upper limit for flow velocity
. bedrock
dilution method not K)
Quantlt.atl\fe : Unconsolidated 1.IE-2 - 4'.3 E-2 . .
determination of Field (flow velocity, Yes No upper limit for flow velocity
. weathered rock
K using tracers not K)
Disc
perl_'fleameter " Eield Volcanic ash, sandy clay 6E-0 - 2E.5 No Lm?uted by the contact material,
tension and sandy loam soil typically sand
infiltrometer
Velocity- / . .
. . e . Inability t h th 11 eylind
falling head Field Glacial-till soil 7E-8 - 3E-5 No Ll ity to push the smafl cylinder
into the ground
permeameter
Guelph- / well- / . . .
borehole Field Finer materials than sand 1E-8 - 1E-4 No Inabll.”y fo dig a well 10 coarse
material of such small sizes
permeameter

4.1 Laboratory methods suitable for coarse grained materials

The material tested in the laboratory will have to be extracted from the dam or tested before the dam
is built. If the grain size distribution for the dam is known and/or the material used for the dam is
available, this can also be used to test the K of the dam. However in all of these cases, since material
is compacted in a dam by different methods from the laboratory, a laboratory sample will never be
fully representative of the actual conditions in the dam.

4.1.1 Fixed wall permeameter

If a hydrophobic coating is used to reduce sidewall leakage (Permeability tests, 2019) in a more fine
grained sample, would this then affect the cross sectional area that is used to calculate K if Darcy's
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law is used? If samples are tested and particle movement (Siddiqua et al., 2011) or uplift of the entire
sample becomes a problem (only when the flow runs from the bottom up), A system to apply pressure
on the top porous disc could be used. This system could be constructed out of springs that are
compressed, rubber with the same function or hydraulics for more control. This could not only serve
to keep the sample in place but also add a certain degree of compression to the sample.

The fixed wall permeameter is the most commonly found laboratory method for coarse grained
material. This is likely due to its simple design and hence cost effectiveness. However if more
measurements conclude, as found by Zou et al., (2013) that K decreases and the critical gradient
increases under compressive strain, it can be argued that these properties make a dam safer and hence
more of these tests would be beneficial to gain a better understanding of how compressive strain
affects K.

4.1.2 Plane-strain permeameter

Zou et al., (2013) was the only source found using a plane-strain permeameter or a device similar in
function for testing coarse grained materials. The effect volumetric strain had on K and critical
gradients indicate that a certain base material can not be expected to behave the same at various
depths in a dam. An argument can be made that if a material is to be used under high volumetric
strain, such as within an embankment dam, that material should be tested under those compressive
forces to evaluate its hydraulic properties for said application. An increase in critical gradient is
positive for an embankment dam and thus implications for construction would likely be none or
minimal.

This outcome could be the reason these permeameters are not more common. The well known
effect compaction has on K and compaction practice in constructing embankment dams (Statens
vattenfallsverk, 1988) means that dams are safer under higher volumetric strains.

4.2 Field methods suitable for coarse grained materials
4.2.1 Drive point method

The drive point method is useful in that it can be applied anywhere on the reachable surface on the
dam with very little to none damage to the dam itself. However, if it can reach deep enough to provide
useful information in the field is questionable in coarse rockfill dams. In more uniformly graded dams
this method could be more suitable and possibly used as a tracer dispersion technique.

4.2.2 Pump- / borehole method

If pre-existing bore-/ inspection holes do not exist in a dam, drilling new ones might not be
economically viable or desirable from a structural standpoint. Combining this method with a tracer
method could be desirable to gain more information from a single borehole.

4.2.3 Single well technique / point dilution method

This method is faced with the same challenges as the pump- / borehole method. Single well technique
does have the benefit of being able to detect flow direction and where in a water filled borehole the
flow occurs (high up or low down). This could possibly be used to detect damage inside dams.
Whether or not measuring K with this method is viable in an embankment dam is debatable. The
method has more potential for delineation of leakage pathways in dams (Dong et al., 2016)

4.2.4 Quantitative determination of hydraulic conductivity using tracers

The method itself is non-destructive but does require a release point for the tracer. If water level pipes
in the dam are already installed these can be used, if not other methods such as a drive point dispersal
could be interesting to investigate. A tracer could be released in the water upstream of the dam, either
in the general water body or in direct contact with the dam body. If this would work to determine the
K of the dam is not known.

This method has more potential and has been used to detect leakage pathways in dams (Dong et al.,
2016).
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4.3 The primary determining characteristic of hydraulic conductivity
4.3.1 Grain size distribution and pore geometry

Porosity does not determine the K of a material but the pore geometry might. Not only affect the
K-value directly through longer more complicated flow paths but also by altering the flow velocities
(Bagc1 et al., 2014). How this translates to a coarse rockfill material where the pore geometry will
always be irregular is uncertain.

4.3.2 Compaction and particle movement

It has been found that compaction has an effect on K (Dan et al., 2016; Zou et al., 2013), an argument
can be made that achieving and maintaining the same compaction rate in laboratory tests as the field
conditions of the sample tested, is important if representative measurements are to be achieved. If
these circumstances are not met or the field conditions are not known, the measured K can not be
assumed to be the same in the field.

4.3.3 Flow regime

It has been concluded that the flow regime does have an effect on the K-value of a material (Bagci et
al., 2014). It has also been shown that turbulent or transitional flow can occur at low hydraulic
gradients and flow velocities (Hansen, 1992; Leibundgut et al., 2009; Sedghi-Asl et al., 2014). The
pore geometry can have an impact on the flow velocity and as a result the flow regime during testing
(Bagc1 et al., 2014). This means that checking for flow regime in testing is important and using the
appropriate equations.

Since turbulent or transitional flow has a higher flow velocity at the solid-liquid interface, this will
have an impact on particle transport and erosion.

5. Topics for future work

- Construct grain size distribution vs hydraulic gradient vs flow velocity diagrams based on real tests.
- Investigate how the transition between different flow regimes affects K and how the grain size
distribution affects the hydraulic gradient at which the flow regimes change.

- Runs tests in a fixed wall permeameter with added one directional compression through the top
porous disc. Conduct tests using equipment to monitor movement of the sample and compression rate
to investigate how a sample changes under hydraulic load and one directional compression.

- Conduct further field tests using tracers for delineation of leakage pathways.

6. Conclusion & recommendations

Several different laboratory and field methods are available for determining hydraulic conductivity, K
and saturated hydraulic conductivity, Ks. Common for all of these are the controlling characteristics
for K, grain size distribution, pore geometry, degree of compaction, particle movement and flow
regime. These characteristics need to be considered when testing in order to produce measurements
useful in the field or to process the data correctly. My recommendations are:

e Check for a linear/ non-linear relationship between hydraulic head and flow velocity to
determine flow regime. If a linear regime is not found, Darcy’s law is not valid.

e In a fixed wall permeameter, calculate Ks by measuring the pressure drop over the test
material only.

e According to this literature study the fixed wall permeameter is the most suitable laboratory
method for determining the K in coarse grained materials.

e Tracer methods are suitable for leakage pathway delineation inside embankment dams.

e A sudden divergence from the trendline can be caused by particle movement during testing.
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