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Abstract  
In dam design, and especially for tailings dams, long term stability is of importance. One process 
that could endanger a dam construction is internal erosion, i.e. particle transportation by 
groundwater flow with in the dam that may result in a failure process. This is a known problem 
in dam construction but is poorly understood for long time perspective. 

In Sweden, glacial deposits have acted as natural dams for about 20,000 years. This implies that 
the composition of these deposits in combination with the present hydraulic gradient has been 
stable in a long term perspective. In this study such a formation, Lake Hennan, has been studied 
and compared with general dam design guidelines. 

The study has included a geotechnical field survey and subsequent laboratory investigations. The 
aim of the field survey was to explore the stratigraphy of the geological formation, collect 
samples for laboratory testing and collect ground water level observations. The laboratory 
investigations targeted on classification of the collected samples mainly by sieving.  

The final conclusion from this study is that the geological formation at Lake Hennan is a natural 
dam. And it is an esker formation surrounded by lacustrine deposits of finer materials at the base 
adjacent to the upper and lower lakes. The groundwater observations indicate a maximum 
hydraulic gradient of 2.4%. Compared to the reviewed dam design guidelines based on gradation 
curves, the filter and suffusion criteria requirements are met. The permeability criteria based on 
gradation curves is not fulfilled since the amount of fines is too high. 
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1. Introduction 
Dam engineering is an engineering science which enables the use of water resources as flexibly 
as possible, to fit the needs and schedule of humans. It could be used to draw benefit from these 
water resources or to give protection against threats due to sudden changes in the trend followed 
by these same resources. As a concept, dam engineering has been developing for thousands of 
years as man’s thinking abilities grew and its need to control its environment grew with it. 

In designing these material retaining structures, be it water retention or tailings dams, one of the 
most important criteria that needs to be emphasized on is internal stability.  And a problem that 
mainly undermines the internal stability of dams is internal erosion. Internal erosion is highly 
complex concept that requires understanding of other principles that affect the dam performance 
starting from dam material selection and construction, continuing to internal processes like 
seepage and particle migration, then their final ways of manifestation incases of a failure like 
sinkholes, toe unraveling even total collapse (Jantzer, 2009; Ziems, 1969). 

In understanding these principles and theories involved with dam performance, this thesis work 
will be carried out as a case study of natural dams. In nature, there exists geological formations 
that acts as embankment dams. They dam water on their opposite sides like most water retention 
dams. And more specifically, similarity is seen to tailings dams with regard to their capability to 
retain water, without losing their stability for more than 20,000 years, hence their name Natural 
Embankment Dam. These natural damming formations have been thoroughly investigated by the 
likes of Jantzer (2009) and more. 

With regard to materials to be investigated, glacio-fluvial deposits we’ll be looked at on a more 
specific level to a certain degree, for reasons pertinent to this study. According to the 
International Union of Geological Sciences Global Stratigraphic Chart, IUGS (1989), this type of 
depositions in the northern hemisphere are typical for the Quaternary period of the Cenozoic era. 
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2. Scope of study 
The scope of the study is to characterize a geological formation as an earth-fill embankment 
dam. 

2.1 Aim 
This project aims at investigating this natural soil formation thoroughly and comparing it, to a 
certain extent, to a conventional earth fill dam on a general basis.  Though this formation 
typically resembles an artificial dam with regard to structure and physical attributes; it can 
provide geotechnical data as to its internal integrity and stability consistent with its material 
composition, mode of formation and other characteristics such as degree of compaction. Studies 
are being carried out to better understand these geological formations because the findings will 
have great importance in facilitating dam design in various aspects. Therefore, this study will be 
aimed at investigating, as a case study, a selected natural dam from a geotechnical point of view 
and compare the composition and other internal working mechanisms with dam design 
guidelines for internal erosion. 

2.2 Goal 
The goal of this study will be to characterize the geological formation by using geotechnical 
properties and compare it with the requirements of an earth-fill dam. Specifically it is the goal of 
this thesis work to: 

• perform geotechnical investigation of the geological formation in Hennan and follow up 
with subsequent laboratory investigations. 

• analyze field and laboratory results and determine dam design parameters for the natural 
analogy such as critical hydraulic gradient and hydraulic conductivity; define and/or 
determine some geotechnical phenomena such as filter criteria and compaction state; and 
compare with dam design and construction guidelines. 

• create soil profiles based on gradation analysis and degree of compaction. 

• comment on the data obtained from the field investigations together with the comparison 
to the design guidelines and finally conclude on the appropriateness of the material 
composing the natural dam as a construction material for dams. 

2.3 Delimitation 
In carrying out this study literature review was limited to published material in English only. 
However, indirect referencing was done to few literatures published in a language other than 
English through materials published in English. 

Furthermore, for reasons related to time, the nature of the study being for a master’s thesis work 
and for reasons related with resource restrictions be it financial or any other; investigations were 
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carried out only along sections and selected samples which can function to be representative for 
the entire structure. 

  



 

4 
 

3 Geology 

3.1 The Quaternary Period 
According to (Jürgen, 1996) the Quaternary Period is traditionally subdivided into two units: the 
Holocene epoch (or recent) and the Pleistocene epoch (the ice age period). When it comes to the 
onset of the Quaternary period most literatures mention of the dispute by the scientific 
community to fix an acceptable boundary between the Tertiary and Quaternary periods, from a 
number of biostratigraphical and magnetostratigraphical alternatives. For ease of discussion in 
their literature, (Jürgen, 1996) adopted the onset estimated at 2.44 million years; whereas, 
(Hambrey, 1994) in his publication mentions the onset of the Quaternary period at 1.8 Ma to be 
internationally recognized while one at 2.4 Ma to be preferred by most Europeans. 

Stratigraphic subdivision of the Quaternary period is mainly based on climatic variations 
between cold periods (referred as cold stages or glacials or glaciations) and prevailing mild 
periods (referred as warm stages or interglacials or interglaciations) roughly coinciding with a 
reversal of the earth’s magnetic field (Jürgen, 1996). 

According to Hambrey (1994); Beuf, et al. (1971) mention of well-preserved eskers formed 
during the ordovician period of paleozoic era in a rather rare esker evidence in the older 
geological periods. But this report will target those eskers deposited during the last glacial period 
that occurred at the end of the Pleistocene epoch on the Eurasian continent.  

3.2 Glacio-fluvial deposits 
Melt water systems of a glacial ice mass may be present either in a series of distinct and 
separated hydraulic systems in each individual glacial sub-environment or as a few massive 
systems that merge with most or all sub-environments; in which these systems may be comprised 
of superglacial, englacial, subglacial or a combination of the three hydraulic systems (Menzies, 
1995). 

As can be seen in figure 1, in superglacial hydraulic systems the melt water is localized to the 
surface of the glacier while englacial hydraulic systems are a system of small tubes and veins 
where they are likely to be temporary and autonomous in cases of temperate and fast moving ice 
(Menzies, 1995). Subglacial hydraulic systems exist below the ice mass above the bed rock 
readily providing sites for the deposition of glacio-fluvial deposits giving rise to formations like 
eskers, a term applied to most subglacial elongated ridge like linear features (Hambrey, 1994) 
(see figure 1). In the latter two systems, ice water may flow under hydrostatic pressure generated 
by a steep hydraulic gradient due to confinement created by the glacier; where this, together with 
conditions of dispersive stress or as a consequence of the kinetic sieving mechanism, would 
contribute to the inversely graded beds which are characteristics of this sediment (Menzies, 
1995). 
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Figure 1: Diagram of melt water runoff through superglacial, englacial and subglacial drainage routes (after 
Röthlisberger & Lang, 1987)  

In a generalized manner, Glacio-fluvial deposition refers to materials moved by glaciers and later 
on sorted and deposited by water sources flowing from the melting ice; in which the deposits are 
stratified and sometimes occur in the form of eskers, kames, kame terraces, outwash plains and 
deltas (Schut, 1976). The deposition localized normal to the glacier’s snout leaves crudely 
bedded gravel and sand in specific formations called Eskers (see figure 2).  

 
Figure 2: Esker (wikipedia, 2011) 

These structures are winding ridges of sand and gravel from melt water stream in ice tunnel or 
from receding ice with the coarser proportion usually well rounded and sorted (Mitchell & Soga, 
2005; Hambrey, 1994). Figure 3 shows formation of an Esker when a stream of melt water 
carrying sediments develops below a glacier. The stream may meander slightly when it 
progresses towards the front of the glacier gradually dropping its sediment load and depositing 
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the sand and gravel as it slows down finally leaving the fluvial sediment as a long, narrow, 
winding ridge marking the course of the former subglacial stream (Bluemle, 2007). 

   
Figure 3: (Left) Stream and deposit inside a glacier and (Right) esker formation before and after the melt of the 
glacier (modified after Bluemle, 2007) 

Similar to most fluvial deposits, the sediments from of the stream in this ice tunnel form 
horizontal strata with deposit size decreasing from bottom up. As the ice melts away, the sides of 
this deposit collapse leaving ridges of very coarse deposits (GeoconservationUK, 2009). 
Therefore, at the time of their formation, eskers take up a triangular profile with steeply dipping 
sides and a slightly arched or flat top; in which, the internal structure shows similar trend of 
arched bedding of sand and gravel with the bedding dipping out in the center (see figures 4 and 
5) (Hambrey, 1994).  

 
Figure 4: Formation of Eskers (top) before ice melt and (bottom) after ice melt (modified after 
GeoconservationUK , 2009) 
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Figure 5: Typical esker or glaciofluvial deposit section/soil profile 

3.3 Lacustrine Deposits 
A lacustrine deposit refers to materials deposited in or by lakes. Lakes differ from marine water 
bodies in various aspects; they are smaller, are nearly closed system and have less pronounced 
tides making the energy levels in lakes much lower and resulting deposition of coarser sediments 
(sand and gravel) in shallow areas and finer sediments (silt and clay) in deeper water areas 
(Boggs, 1995; Spector, 2010). 

Rivers are main contributors of deposits for open lakes but deposition source could also be from 
wind, ice-rafting and volcanic rock erosion (Boggs, 1995; Spector, 2010). 

4 Dams 
Defining dams on a broader and simpler level, as implied by their names, they are structures built 
as a barrier to retain or block passage of a certain material (ASDSO,2000).  To give a wider 
perspective about dams, they are here forth discussed with from various classification stand 
points. 

4.1 Purpose 
Dams may be classified as storage, diversion, and detention depending on the general purpose 
for which they are designed where most large dams serve by combining aspects of more than one 
of the three categories (Net Industries, 2011). In the same publication, it is stated that: 

• Storage dams are constructed for the provision of a sustaining source of water for varying 
periods of time. Tailings dams can be put under this category. 

• Diversion dams are specifically designed to raise the elevation of a certain water body so that 
it could be diverted to another location for use. Use could be for irrigation and other such 
purposes. 
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• Detention dams are constructed to minimize the flow rate of a channel thus minimizing the 
impact of flooding. 

4.2 Construction Material 
Dams can be constructed by many construction materials. Construction makes use of concrete, 
earth, rock and sometimes mine tailings. In some circumstances a combination of more than one 
of the above materials will be used to give an efficient and safe structure while using 
construction material economically with minimal cost. 

Concrete Dams 
Concrete gravity dams and arch dams are some of the common types of dams under this 
category.  According to (Fell, et al., 2005) concrete gravity dams use the weight of the concrete 
to resist the forces imposed on them while concrete arch dams transfer these forces sideways in 
the adjoining abutment foundations by the arching action. 

Embankment Dams 
Most embankment dams are generally comprised of some main components. Some of the main 
components included are an impervious core, a drain and/or a filter, a fill material (Rock and/or 
Earth), etc. Natural dams under study for this paper show analogy to dams under small dam 
category (see figure 6). Most small dams are constructed by putting an impervious core in the 
middle and more permeable material on the sides and this is achieved by compacting successive 
layers of soil (Nelson, 1985). The following principal dam sections’ functions are according to 
(Fell, et al., 2005): 

• Impervious core which is provided for the purpose of keeping the retained material on the 
upstream side by controlling seepage through the dam. 

• Drain controls erosion of core material and dam foundation by seepage water by being used as 
a horizontal drain in the latter case. When used as a vertical drain, it also controls buildup of 
pore pressure in the downstream face. 

• Filter which will prevent particle migration/erosion of the core material due to excessive 
seepage forces into the fill material or through the rip rap. 

• Fill material for giving the whole structure weight for stability against an immense 
destabilizing force from the retained material and it is usually free draining to allow passage of 
seepage under and through the dam. Earth or Rock fill materials or a combination of the two 
are generally used for this purpose.  In some circumstances rock fills  prevent erosion of 
coarser filter or filter drain in to a coarser rock fill. 
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Figure 6: Section through a small earth dam modified from Nelson (1985) 

4.3 Impounded material 
All dams built by man share a common purpose, which is to retain a certain material. But 
depending mainly on the type of material they retain dams can broadly be classified in to two 
major categories namely Water Retention Dams and Tailing Dams.  

• Water retention dams have a sole purpose of retaining water for various purposes. As 
described in section 4.1, the retained water could be used for future use as irrigation, 
hydropower development and more. It could also be retained for a purpose of protecting 
environments downstream, such as human dwellings, from unexpected phenomena like 
flooding. 

• Tailing dams on the other hand are used to retain mine tailings, i.e. the byproducts of mines 
that are specifically leftover after the minerals are extracted from the ore. Mineral extraction 
can be done in either of two ways, i.e. as placer mining in which water and gravity separation 
methods are used and as hard rock mining in which grinding the rock into fine sizes then 
chemical applications are used to extract the minerals (US EPA, 1994). 

These two types of dams also differ in other aspects as well. They differ with regard to the 
procedure that is followed during their construction; they differ with regard to the material with 
which they are constructed and they differ with regard to the life span for which they are 
expected to stay functional. Tailings dams’ employed general methods of construction will be 
discussed briefly below as per the explanations given by Vick (1990).  

The methods are named Upstream, Centerline and Downstream Construction Methods. All 
methods (see Figure 7) start by constructing a starter dike but subsequent steps will differ for the 
different methods. During Upstream Construction Method subsequent raises are entirely or 
mostly placed on a foundation of settled tailings of the beach created by the previous dike. In the 
case of Centerline Construction Method subsequent dikes rest partially on the downstream slope 
of the previous dike and partially on the settled material. While Downstream Construction 
Method allows the construction of following dikes to rest entirely on the previous dike giving it 
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firm foundation. Unlike the first method, the latter two methods allow the provision of drains in 
the dam system. And as we compare the different methods while going from Upstream to 
Centerline then to Downstream, both construction cost and safety values show an increase.  

 
Figure 7: Types of sequentially build dams (modified after Vick, 1983) 

Though these methods describe the major techniques, actual constructions usually are carried out 
using combination of the three methods (see Figure 8). One main reason for that could be the fact 
that this dams are under progressive construction for almost the entire life of the mine. And in 
this time different decisions are made by different professionals and managerial staff to fit 
current needs of the mine which gives it a more complicated composition in the long run. 
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Figure 8: Practical Tailings Dam Construction in Sweden (Jantzer, 2009) 

In embankment dam design and construction, important factors like control of the phreatic 
surface and effective use of readily available material play a great role. Other factors like the 
filter criteria also play a defining role in the design. 

A widely accepted rule of thumb, according to Vick (1990), that guides the design of 
embankment dams with regard to having control over the phreatic surface is that the permeability 
of sections should increase as we go in the direction of seepage; with the intention that the 
phreatic surface will progressively go down with progressively increasing permeability of 
materials allowing exit to be as much down as possible at the downstream face of the dam. Vick 
(1990) explains further the way to achieve this desired change in permeability of the dam section 
would be to either introduce core section or drainage zones; if clays or, sand and gravels 
respectively are predominantly available in the near surrounding. 

Cores are provided in dam constructions following the downstream or centerline construction 
methods. But in upstream construction methods it is difficult to provide core sections as well as 
chimney type drains because it will physically be impossible to connect the sections when the 
dam is raised in subsequent constructions (see figure 9). Drains are possible to provide in various 
combinations in all types of constructions. In some cases only blanket drains are provided in 
upstream raised embankments while in other cases vertical and inclined chimney drains are 
provided in combination with blanket drains to collect the seepage (see figure 9). According to 
the output of a parametric seepage analysis, Nelson, et al. (1977) demonstrate that the 
permeability of the starter dike is a decisive factor in the control of the phreatic surface in 
upstream embankments even in the presence of a blanket drain. 
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Figure 9: Internal Drainage Zones in Raised Embankments (Vick, 1990) 

One major advantage that comes with the provision of internal drains is the flexibility in using 
random material readily available for the downstream fill; given that the internal drains have 
prevented saturation of this section so that it does not have any effect on the phreatic surface 
(Vick, 1990). 
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5 Internal Erosion 
In order to understand the internal working mechanisms of these formations, it is crucial to grasp 
some key concepts that would explain the geotechnical processes that has taken place and are 
taking place in these formations. Internal erosion being one major process affecting stability of 
the entire structure, it will be discussed in subsequent sections by looking at, consecutively: first 
the processes through which it is manifested to get a brief idea of what internal erosion is and 
then concepts and criteria that need to be fulfilled, and finally important factors and/or 
parameters affecting the process. 

5.1 Processes of internal erosion 
Internal Erosion/ Hydrodynamic soil deformations 

According to (Jantzer, 2009) internal erosion is a situation created by seepage forces and 
openings in the soil skeleton where particles start to move and are eventually washed out through 
unprotected exit and finally, if the process progresses, results in concentrated leakage through the 
embankment and erosion holes in the form of pipes, sink holes and more. 

The term internal erosion is often used for particle transport in general. Other terms such as 
piping, suffusion and clogging are used in some literatures on a distinctive level. According to 
Jantzer (2009), in recent years research and studies have concentrated on how internal erosion 
starts and on the factors that lead to its progression and finally to failure of the structure. 

Research and discussion on internal erosion is mainly related to water retention dams. Water 
retention dams are designed for varying purposes that require them to store large amounts of 
water, as a result they will be exposed to a relatively high hydraulic gradient and seepage 
pressure. As long as this seepage occurs in a controlled manner with no involvement of particle 
migration, it will not be considered as a problem. Internal erosion is often initiated at locations 
where irregularity or inhomogeneity exists; where at these locations, such as at interfaces 
between the various dam components, the grains will have less resistance to migration (Jantzer, 
2009). Internal erosion is manifests it self in various mechanisms; some of which are: 

• suffusion  
• erosion  
• clogging, etc. 
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Suffusion 
Suffusion generally refers to the washing out of fines and it usually happens in an internally 
unstable material or in gap graded material with higher proportion of coarser particles. 
According to Ziems (1969); during this suffusion process, the initial volume is basically 
unaltered with only the removal of the finer particles from within the coarser soil structure. Thus 
the porosity and the hydraulic conductivity are increased while the density and coefficient of 
uniformity are decreased. 

Erosion 
When soil particles of almost all sizes are washed then we call this phenomenon Erosion; during 
which the volume of the material is decreased and the structural integrity is at risk which may 
cause sinkholes or settlements of the embankment with a final probable result of breach (Jantzer, 
2009). Piping could be one erosion mechanism in which a pipe like seepage passage way is 
formed through which the materials are transported. 

With regard to erosion and suffusion, the processes could take place as contact, internal or 
external depending on where it is taking place. Jantzer (2009) describes that the internal and 
external processes refer to material transport at the surface and inside of the structure 
respectively; whereas contact suffusion or erosion takes place at an interface between two 
different materials. This interface could be between soil sections with different particle sizes or it 
could be between the dam material and a concrete section. The latter one has no relevance in this 
paper, since the natural analogy exhibits no such artificial structures. 

Clogging 
Clogging is a process which works in the direction of stability, opposite the effects of erosion 
and suffusion. Finer particles position themselves in the pores between larger particles resulting 
in the reduction of hydraulic conductivity. With regard to the formations in Hennan and other 
similar locations, this process could be one mechanism that could have facilitated their stability 
since their deposition. 

5.2 Criteria for Internal Erosion 
Regarding erosion in manmade structures; two modes have been mainly identified: backward 
erosion and concentrated piping. Fell, et al. (2005) state that the two modes differ in the location 
of the initiation point of the internal erosion. They further explain that in the case of the former, 
erosion starts at the downstream section of the dam and progresses backwards; whereas, in the 
later one, erosion starts directly from the water sources and progresses until it finds an exit point. 
In the final stage of these processes, the pipe enlarges and breach occurs in the form of sinkholes, 
unraveling of toe, settlement in the crest or slope instability. Internal erosion, when it comes to 
tailings dams, should be considered separately due to the complications in internal erosion in 
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these structures arising from complexity in the construction stages and thus in the internal water 
level and hydraulic gradient (Jantzer, 2009). 

5.2.1 Geometric Criteria  
Soil mass is treated as a continuum for purposes of design and analysis though it is composed of 
discrete particles. However, in determining soil characteristics such as permeability, strength and 
compressibility; analysis needs to be carried out on particle level interactions by studying the 
fabric of the material (Mitchell, 1993). Eskers exhibit poorly sorted moraine composition which 
is highly compacted formation owing to the compression under overlaying and advancing ice 
masses. (Mitchell & Soga, 2005) 

Filter concept 
Filters in a dam are one important component insuring the stability of the dam. In doing so, 
filters are required to perform two functions; prevent the washing away of the base material and 
permit the drainage of seepage water. To perform the first task filter particles are required to be 
sufficiently fine so that pore space is not big enough to allow passage of the particles of the base 
material. And they are required to be coarse enough to create a preferred passage way for 
seepage than their surrounding environments, not to allow excessive buildup of pressure; to 
perform the second task (Fell, et al., 2005). 

Internal Stability 
Jantzer (2009) states that the internal stability of a soil structure is basically attributed to the 
shape of the gradation curve which is described by the coefficient of uniformity Cu. But it has 
been known to also be affected by disturbing effect of seepage forces and vibration, segregation 
during placement, and porosity (Kenney and Lau, 1985; Chapuis, 1992).   

Amongst many factors, the size of the pore channels is a major influencing factor on the 
hydraulic conductivity. There is a direct proportionality between pore size and the hydraulic 
conductivity in which the hydraulic conductivity is directly proportional to the square of the 
characteristic grain size De (Terzaghi, et al., 1996). 

5.2.2 Hydraulic Criteria  
This criterion is a theory describing the phenomena surrounding the work done by hydraulic 
loads in order to move a soil particle. Jantzer (2009) describes that for a particle to move, it is not 
only enough that the pore size is big enough but also that the hydraulic force exerted needs to 
exceed the resisting forces such as the self-weight of the particle and the friction resistance due 
to interaction with other particles. Thus comes the idea of critical hydraulic gradient briefly 
described in section 5.2.2.2 where if it is exceeded implies uncontrolled particle transport in the 
system. 
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Critical hydraulic gradients 
Based on concepts of critical hydraulic gradients and critical flow velocities; Perzlmaier et al. 
Perzlmaier, et al. (2007) have given an overview of hydraulic criteria; and in their publication 
they describe the difference in flow that exists in a process of unfiltered exit and a process with 
in a soil matrix. Perzlmaier et al. (2007) also give the proposed critical hydraulic gradients for 
the two erosion initiation points and suffusion as described in table 1. 

Table 1: Critical hydraulic gradient formulas for different failure initiation mechanisms. 
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As can be seen in table 1, this parameter is dependent on coefficient of uniformity for suffusion 
criteria while it is dependent on porosity n and specific weight of solids γs and water γw for the 
first two failure mechanisms. 

5.3 Important factors related to internal erosion 

5.3.1 Particle Density 
The particle density of a soil calculates the mass per volume of particles. The volume under 
consideration is volume of just the soil particles not the volume they occupy as a whole in the 
soil. Bulk density refers to the volume of the space occupied by the solid (i.e. mineral and 
organic) portion as well as the portion occupied by air and water (GLOBE, 2002). 

5.3.2 Relative Density 
Relative Density is a parameter that controls the mechanical behavior of cohesionless soils in 
which it measures current/actual void ratio e in relation to the maximum e max and minimum e min 
void ratios, and applied effective stresses (Mitchell & Soga ,2005). And it is defined by the 
formula: 

%100 × 
e - e

e - 

minmax

maxeI D =  

According to Mitchell and Soga (2005), this parameter correlates well with other properties of 
granular soils and if properly interpreted, it can provide a very useful measure of cohesionless 
soil properties. It is designated as ID in some literatures while as DR in others. Relative density 
values were measured during CPT works in two locations during the field investigations. Raw 
data are presented in appendix A. 



 

17 
 

5.3.3 Hydraulic Conductivity 
Hydraulic conductivity is a term that we specifically use to describe movement of water through 
a material while permeability is used to refer to fluids on a general level. Apart from porosity, 
other factors such as grading, fabric, chemical composition of the soil and the properties of the 
permitting fluid also influence the hydraulic conductivity (Jantzer, 2009). In a well graded soil 
(see figure 10) smaller sized particles are strategically positioned between larger ones which 
allow them to control the void size thus the finer proportion would be more significant in 
influencing hydraulic conductivity (Jantzer, 2009). 

 
Figure 10: Well Graded Soil (Left), Poorly Graded Soil (Middle, Right) 

In going along with the conditions stated by Darcy’s Law, the flow through the soil will have to 
be kept laminar. In some circumstances it may be required to elevate the seepage pressure in 
order to get flow through the sample when testing fine grained soils while at the same time 
keeping the flow laminar (Jantzer, 2009). But this could be difficult to achieve in laboratory 
experiments. As an alternative, a principle similar to triaxial testing with the possibility to apply 
high pressure could sometimes be used; in which the hydraulic gradient can be given by the 
pressure difference between top and bottom of the sample (Smoltczyk, 2002). 

The hydraulic conductivity of a medium (soils) can be measured in laboratory tests as well. It is 
based on the idea of exposing a soil sample to a certain gradient and then measure the quantity of 
water percolating through the sample with a given length and cross-sectional area during a time 
span (Jantzer, 2009). 

Jantzer (2009) also states that when retaining a constant water supply to the intake, the hydraulic 
gradient will remain the same during testing and we speak of a constant-head permeameter; 
while in a falling-head permeameter, there is no additional water supply and the total head 
decreases with time during testing. 

In general, it is stated that the constant-head permeameter is suited for coarse materials with high 
to moderate hydraulic conductivity, whereas the falling-head permeameter gives better results for 
fine-grained materials with lower hydraulic conductivity. 

Hydraulic gradients found in nature are rarely above one, which makes duplication of field 
conditions hard; moreover, during laboratory testing it is usually not suitable to apply such low 



 

18 
 

gradients because of the extensive and hence inappropriate time needed for testing (Mitchell & 
Soga, 2005). 

To do the laboratory hydraulic conductivity tests mentioned below, the samples could be 
prepared with characteristics resembling natural compaction and/or proctor compaction. Results 
will as well be interpreted individually for the two different preparations. In carrying out these 
experiments the apparatus shown in figure 11 will be used by manipulating the state of the intake 
water in order to result in either of the two test types described below. 

 
Figure 11: Standard laboratory hydraulic conductivity testing equipment (Jantzer, 2009) 

Constant-head method 
The constant-head method is generally proposed to be used on granular soils (Smoltczyk, 2002; 
Terzaghi, et al., 1996). This procedure allows water to move through the soil under a steady state 
head condition while the quantity (volume) of water flowing through the soil specimen is 
measured over a period of time. By knowing the quantity Q of water measured, length L of 
specimen, cross-sectional area A of the specimen, time t required for the quantity of water Q to 
be discharged, and head h; the hydraulic conductivity k can be calculated by: 

)/(m                              3 stvAQ =  

Where, v is the flow velocity.  

Using Darcy's Law: 

(m/s)                                     ikv =  

and expressing the hydraulic gradient i as: 

                                    l
hi Δ

Δ=  

where, h is the difference of hydraulic head over distance L; yields: 
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)/m(                                    3 s
l

thkAQ =  

Solving for k gives: 

(m/s)                                          
  
 
htA
lQk =  

Falling-head method 
The falling-head method is similar to the constant head method in some regards; however, the 
advantage to the falling-head method is that it can be used with better and acceptable result for 
the fine grained ones. The soil sample is first saturated under a specific head condition and the 
water is then allowed to flow through the soil without maintaining a constant pressure head (Liu, 
2001). 
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Appropriate method, of the two mentioned above, should be selected after the sieving tests and 
grain analysis are done. 

Empirical Equations 
Some equations have also been derived for the determination of hydraulic conductivity for 
specific materials; which use these materials’ certain particle size and porosity values for the 
determination of the hydraulic conductivity. 

Hazen formulated a rather simple formula which only takes into account the effective grain size, 
D10 for clean sands with D5 > 0.075mm and with the effective size falling between 0.1mm and 
3.0mm (Fell, et al., 2005). 

( ) (m/s)                                  2
10DCk =  

Where C is a factor usually considered 0.01 and D10 is the effective grain size in mm. 

Another formula which was based on the above Hazen formula was also presented by Chapuis 
(1992). In addition to the effective grain size D10, it also takes into account the void ratio, e of the 
material for calculating hydraulic conductivity. 
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According to (Mitchell & Soga,2005), another formula for describing the permeability of a 
porous media was originally proposed by Kozeny and later on modified by Carman. It takes into 
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account the pore shape factor ko, tortuosity factor T , void ratio e and wetted surface area So; to 
calculate the intrinsic permeability K and then hydraulic conductivity k (by dividing it by µ/γ); 
for a case of complete saturation (S=1). 
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Carrier (2003) describes well the proposed transition and the differences between the century old 
Hazen formula and the half a century old Kozeny-Carman formula. The above formula uses the 
wetted surface area So, void ration e, pore shape factor ko set at 2.5, the square value of the 
tortuosity T2 at 2 and, the unit weight and viscosity of the permeant γ and μ respectively (in 
which the ratio γ/μ equals 9.93×10-4 1/cm sec or 9.93×10-2 1/m sec for water as the permeant at 
20oC) (Carrier, 2003; Mitchell & Soga,2005).  

According to Carrier (2003) the wetted surface area So can be found using the formula:  

So= 6/Deff 

in which the effective diameter Deff can be calculated by: 

 

D
f

100%

i av

i
⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛∑

=effD  

Where, fi is the fraction of particles between two sieve sizes. Let larger size be l and smaller size 
be s; then Dave i, average particle size between two sieve sizes will be equal to the product of the 
square root of the two bounding sieve sizes: 

siliiav DDD  .  =  

5.3.4 Grain size distribution 
In analyzing a sample with regard to dam design criteria proper gradation analysis is required to 
be carried out in order to get grain size distribution results. These results could be plotted in the 
form of curves showing values of percentage finer than different particles sizes. These 
percentage finer values or their ratios between adjacent sections reflect on the behavior of the 
structure with respect to various internal working processes such as: 

• prohibition of particle transport depending on grain size distribution of adjacent sections 

• if there are fractions of a finer section that might migrate 

• porosity of sections which may determine their ability to dissipate excess pore water pressure 
build up.  
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6 Dam Design Criteria 
In designing dams one major requirement is insuring internal stability. And certain criteria are 
required to be followed in insuring this stability so as to have an efficiently functioning structure.  

6.1 Filter Criteria 
Rönnqvist (2010) puts soils in to three categories; namely Internally Stable Clast-supported soils, 
Internally Unstable Clast-supported soils and Matrix-supported soils (Figure 12; left, middle and 
right respectively). Rönnqvist (2010) further explains these categories in which the former one 
constitutes of linearly graded materials where all the grains contribute to the stability of the 
structure, and the second one refers to gap graded soils where the coarser particles give structural 
support and the finer ones fill the voids but may be smaller than the constrictions, and the latter 
one dominantly constituting of and acquiring the structural strength from the fines with small 
proportions of coarser grains literally floating in the structure. 

 
Figure 12: Varying soil structures and corresponding gradation curves (Bartsch, 1995). Internally stable Clast
Supported Soil (Left), Internally unstable ClastSupported Soil (Middle) and MatrixSupported Soil (Right). 

One criterion that needs to be fulfilled during embankment design is the filter criteria. The study 
of filter criteria for embankment design commenced nearly a century back (Hsu, 1981), but the 
basis for current filter design criteria was laid down by Terzaghi in the 1920’s and Casagrande in 
the 1930’s (Arulanandan & Perry, 1983; Hsu, 1981).   

The criteria compares particle sizes of adjacent sections, usually those of the filer zone and the 
base soil, to draw a design guide that best ensures efficient performance of the embankment 
sections. 

Particles are in a stable state against seepage forces at location inside a certain zone composed of 
uniform particles. But particle migration is evident at zone interfaces where a transition between 
the finer core section to the coarser fill materials exists. According to Sherard, et al. (1963) 
progressive zoning to cover the change in permeability between the two extremes is sufficient to 
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prevent piping without the provision of specifically graded filter zones; but filter materials of 
negotiating sizes are sometimes provided when the size difference between the fine and coarse 
sections of the embankment are too big to meet the filter criteria. 

According to Park (2003), Terzaghi proposed the following two conditions in order to satisfy 
two major components of the filter criteria: 
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 which look for points on the gradation curve with  the coarsest allowable filter 

to fulfill the first criterion and  the finest allowable filter to fulfill the second criterion. 
 

Whereas, earlier publications by Sherard, et al. (1963) required to be fulfilled the following usual 
pair plus additional extending rules; which are, as concluded by the authors, conservative for any 
soil: 
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3. The gradation curve of the filter and the protected soil should show roughly the same 
shape. 

4. In case the protected soil contains a dominant proportion of gravel, filter design should be 
based on the portion of the gradation curve finer than the 1-in/25.4mm sieve. 

5. D5 of the filter >0.0029-in or 0.074mm (Filers should not contain more than about 5% of 
fines passing the No. 200 sieve, and the fines should be cohesionless) with an additional 
requirement that the fines should be cohesionless. 
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Park (2003) also published a summary of various current criteria by Hsu (1981) here forth 
presented in table 2. 

Table 2: Various Filter Criteria after (Hsu, 1981) 

Author Soil Type/Comments Criteria 
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These ratios serve the purpose of insuring specific criterion to be fulfilled in the filter criteria as a 
whole. Broadly classifying them into two categories: 

• ratios whose value is required to be smaller than a specified value attempt to keep particle 
migration in adjacent section from taking place. 

• while ratios whose value is required to be greater than a specified value attempt to keep 
drainage conditions optimal so as not to allow excessive pore pressure buildup. 

In a publication by Rönnqvist (2010); as criteria for suffusion to occur in cohesionless filter 
material, USACE (1953), proposes the following as a requirement: conditions of turbulent flow, 
a hydraulic gradient (i) ≥ 5, and a coefficient of uniformity (Cu) > 20. But Wan & Fell (2004b) 
got considerable scatter in their results of seepage tests on 20 samples using the USACE (1953) 
criteria and deemed the criterion based on the coefficient of uniformity to be too conservative. 

6.2 Recommended Design Criteria 
In a generalized manner Fell, et al.(2005) point out that for flow normal to the filter it is 
recommended to base the design of critical filters on Sherard and Dunnigan (1985,1989); but for 
lack of instructions on how to implement the criteria they recommend a better explanation by 
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USBR (1987) and USDA-SCS (1994) with the latter being used largely for the design steps they 
laid down thereafter.  

Fell, et al. (2005) present three criteria for the design of critical filers for flow normal to the filter 
as presented in table 4. The criteria are applied to four broad base soil categories as specified in 
table 3. 

Table 3: Base Soil Category after (Fell, et al., 2005) 

Base Soil 
Category 

% finer than 0.075 mm (after 
regarding, where applicable) 

Base soil Description 

1 >85 Fine silts and clays 
2A 35-85 Silty and clayey sands; sandy clays; and clay, 

silt, sand, gravel mixes 
4A 15-35 Silty and clayey sands and gravel 
3 <15 Sands and gravel 
 
 

Table 4: Design Criteria modified after Fell, et al.(2005) 

FILTERING CRITERIA FOR CRITICAL FILTERS 
Base soil Category Maximum D15F 
1 ≤9D85B but not less than 0.2 mm (≤6D85B for dispersive soils) 
2A ≤0.7 mm(≤0.5 mm for dispersive soils) 
3 ≤4D85B of base soil after regarding 
4A (35-A/35-15)[(4D85B)-0.7 mm]+0.7 mm; [A = % passing 0.075 mm 

sieve after regarding (If 4D85B < 0.7 mm, use 0.7 mm] 
PERMEABILITY CRITERIA 
Base soil category Minimum D15F 
All category ≥ 4D15B of base soil before regarding but not less than 0.1 mm [≤2% (or 

at most 5%) fines passing 0.075 mm sieve in the filter; fines not plastic]. 
OTHER FILTER DESIGN CRITERIA 
Design element Criteria 
To prevent gap 
graded filters 

The width of the designed filter band should be such that the ration of 
the maximum diameter to the minimum diameter at any given percent 
passing value ≤ 60% is ≤ 5 

Filter band limits Coarse and fine limits of a filter band should each have Cu ≤ 6 

Criteria for Suffusion 
The Isotomina (1957) classification, regarding the potential for suffusion, published by Wan & 
Fell (2004b) is as follows: 

• no suffusion if Cu ≤ 10,  
• transition if 10 ≤ Cu ≤ 20, and 
• suffusion-liable if Cu ≥ 10. Where Cu is the ratio between D60 and D10 
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7 Natural Dam Analogies 
This study highly relies on the investigation of natural 
formations for the determination of important information that 
would facilitate in the design of artificial damming structures. It 
is important to study these formations for various reasons, to 
mention some they are studied because: 

•  of the obvious reason that the geological formation has stayed 
stable for thousands of years. 

• the apparent hydraulic gradient is lower or equal to the critical 
gradient. 

All in all, geotechnical parameters such as hydraulic 
conductivity, hydraulic gradient, grain size distribution, etc. will 
be investigated. This section will first give a generalized 
perspective by discussing cases in Sweden and moves on to 
specific geotechnical investigations and processes by 
emphasizing on one selected formation as a case study. 

7.1 Natural dam formations in Sweden 
As part of the former Eurasian continent, Sweden is home to 
several of these geological formations that were deposited at the 
end of the Pleistocene epoch; as described in section 3.1. According to Hambrey (1994), some of 
the largest eskers are present in central Sweden and Finland extending in length to about several 
hundred kilometers (see figure 13). 

In a publication by Jantzer (2009), we have these geological formations near Lake Ragunda, 
Lake Hennan and Lake Mången mentioned as some examples in Sweden (see figure 13). 
Moreover, in the same publication, investigation history of these natural analogies and the 
specific field of study applied are also mentioned. This natural analogies, though bound by two 
water bodies in opposite sides (in most case), are referred by the name of the upper lake in 
literatures reviewed. Therefore, similar trend will be followed to address the case study 
investigated for this thesis work. Subsequent sections below will briefly describe some of these 
formations referring specifically to Jantzer (2009) unless mentioned otherwise. 

 

  

Hennan (case study)

Ragunda

Styggtjärn 

Mången 

Figure 13: Location of natural dam 
analogies in Sweden                         
(US Department of State, 2010) 
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7.1.1 Lake Ragunda 
The natural analogy has been studied for a doctoral thesis work in geology. The lake Ragunda 
(Ragundasjö in Swedish) was a 25 km long water body in northwestern Sweden destroyed by 
man for purposes of driving timber, about 200 years ago. The lake, in its original state, formed 
two narrow bays on its southern side. The mean water levels of the eastern and western bays 
were regulated by an old water fall called Storforsen (now called Döda Fallet) and a natural dam 
called Sandviken respectively. 

Sandviken bay, 600 m long and 200 m wide, is enclosed by rock borders on its eastern and 
western sides and a clay barrier acting like a natural dam which dates back to 6500 B.C. This 
barrier consisted of a 60 m ridge composed of glacial clay in layered deposits of alluvium. 
According to the doctoral thesis by Ahlmann, et al. (1924) the two lakes on opposite sides of the 
ridge had a 40 m elevation difference spanning over a distance of 1 km, thus with a resulting 
mean hydraulic gradient of 4%. 

7.1.2 Lake Mången 
Lake Mången is located in an area called Brattforsheden in Värmland, western Sweden.  This 
water body, standing at a masl of 166.5, is the smaller of the two lakes dammed by a glacio-
fluvial deposit located at Brattforsheden, considered the best example of a natural damming 
formation in Sweden by Agrell (2002). Lake Mången, rises as high as 170 to 180 masl, and it 
acts as the upper lake believed to be dammed during the past 11,000 years. The lower lake, larger 
of the two, is lake Alstern and it stands at 157-158 masl. Groundwater observations between lake 
Mången and some springs located southwest of the barrier have shown a difference in water 
tables of 16.5 m over a span of 1.4 km with a resulting hydraulic gradient of 1.2%. 

7.1.3 Lake Styggtjärn 
This natural formation bound by lake Styggtjärn on its upper side and lake Kärringsjön on its 
lower side is located close to the Norwegian border in Rogen natural preserve in Härjedalen in 
the country of Jämtland. The difference in mean water table between the two water bodies is 2.1 
m over a span of 100 m resulting in a hydraulic gradient of 2%. 

7.2 Lake Hennan Case Study 
The geological formation of interest to this paper is found in Hennan, near Ljusdal Sweden (see 
figure 13 and 14). This geological formation is believed to have been deposited during the last 
ice age and is, ever since, separating two water bodies namely Lake Hennan and Lake Storsjön. 
These lakes at the moment have stabilized with a mean hydraulic gradient of 2% and a rough 20 
m elevation difference on opposite sides, with little fluctuation expected during seasonal changes 
(Jantzer, 2009). 
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Figure 14: Natural Embankment Dam at Ljusdal, Sweden 

This natural dam analogy stretches approximately 1km from lake to lake and has some existing 
man-made structures such as a dam on one side of Lake Hennan and some other minor structures 
like open wells on the relatively flatter section of the topography on the side of lake Storsjön. 
Previous drilling done confirms the land mass to be composed of an 8m thick moraine layer 
resting on a 32m thick material of well compacted sediments from glacial stream from earlier 
glaciations with that in turn resting on a bedrock located at an average depth of 47 m Jantzer 
(2009). As an observation, Agrell (2002) therefore concluded the natural analogy to resemble an 
earth fill embankment dam construction with the fine stream deposits and morain layers 
mimicking the role of a central core and filter layers. 

7.2.1 Site Description 

Introduction 
As stated in previous sections, the natural dam analogy ay Hennan, Ljusdal was studied to define 
its geotechnical properties. Test pits were excavated at three locations, auger drilling was carried 
out at four locations and CPT tests were also carried out at two of the auger drilled locations 
where groundwater was found. The locations of these test sites are shown in figure 15 with 
corresponding elevation readings including the upper and lower lakes.  

Lake Storsjön 

 

Lake Hennan 
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Figure 15: Test locations in Hennan  

The test locations had an average of 50cm snow cover (see figure 16) and an average frost depth 
of 25 cm. The air temperature was around -5 oc during the first day of investigation on 25th 
January 2011 and around -26 oc during the second day of investigation on 26th January 2011. The 
vegetation cover was composed of sparse trees, small shrubs and moss vegetation with no 
boulders on the ground surface nor at any depth.  
The test pits were excavated to an average depth of 3 meters. A CX75SR Excavator coupled with 
a loader was used (see figure 16) to carry out the task and graduated surveying rod was used to 
take depth readings. 

 
Figure 16: Snow depth reading (Left), Excavator commencing work (Middle) and Depth reading in trial pit 
(Right). 

7.2.2 Field Investigation  
During this field testing stage, suitable section (see figure 15) was selected along which decision 
was made to carry out the various necessary tests. These locations were strategically selected to 
give as much geotechnical information as possible at different depths and spots which should be 
enough to be representative of the natural analogy. 
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 Investigation Plan 
The project had aimed at carrying out various field investigations on site at the location of the 
natural analogy. Two major activities, trial pit excavation and boring, were planned to be carried 
out. Each had their additional subsidiary activities which would serve supplementary purposes as 
briefly described below. 

• Trial pit 
 Sampling (disturbed samples) 
 Stratigraphy tests/ Profiling by ocular inspection 
 In-situ density analysis 

• Boring 
 Auger sampling (Disturbed sampling) and ocular inspection 
 Cone Penetration Test 
 Installation of groundwater wells for GWT observation. 

7.2.2.1 Trial pit 
Trial pits were excavated at three locations across the selected section with an excavator to an 
average depth of 3m. One excavation was done on top of the esker formation and two on its 
opposite sides. Figure 17 shows a profile of the three trial pits during and after excavation. 

Sampling 
Great care was taken in sampling to take as closely representative samples as possible of the 
batch or lot being tested. For sieving tests, gross samples were taken in the order of 10 to 15 
kilograms from two locations at roughly half a meter depth apart in each trial pit. Collected 
samples were put in standard plastic containers. For other smaller scale tests such as water 
content analysis, smaller samples were taken in the order of 0.4 to 0.6 kilograms. Similarly, these 
samples were appropriately stored in standardized containers and sealed in order to preserve the 
water content of the sample as close to in-situ state as possible. Moreover, the soil removed in 

Figure 17: Trial pit 1 (left), Trial pit 2 (middle) and Trial pit 3 (right) 
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carrying out the Balloon Densometer Test was also carefully packed in air tight plastic bags with 
an aim to measure its mass, for density calculations. 

Stratigraphy  
Great care must be taken in identifying alterations in stratigraphy that may misrepresent 
chronological deposition of materials; moreover, various activities such as hole digging or 
mudslides, can completely reverse stratigraphy (UCSB, 2003). Thus, long profiles or profiles 
from a number of units are necessary to avoid misinterpretation. 

In-situ density analysis 
For performing this test, various methods could be presented as alternatives. Core cutter method 
uses a principle of isolating a certain undisturbed section of the ground by using a cylindrical 
core cutter and then relating that mass to a know volume of the cylinder to calculate the in-situ 
density. In another method, sand cone density apparatus, a section of the ground to be tested is 
dug out and the space is refilled with sand of known properties. Then the mass of removed soil 
will be correlated with the easily determined volume of the replaced sand to calculate the in-situ 
density. 

Balloon Densometer 
When using this method a section of the ground to be tested is dug out, the surface of the dug out 
section will be covered with a flexible rubber membrane (balloon). Then the void created by 
digging will be filled using water (see figure 18) where volume of water in the balloon can be 
easily recorded by taking a reading from the graduated cylinder. This procedure should be 
carried out at the bottom of each level along the excavation of each pit (see test in progress in 
trial pit 2 in figure 18, right). 
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In selecting suitable method for performing in-situ density calculations amongst the methods 
described above, financial and ease for applicability was considered in influencing the decision. 
Core cutter method would have been the most expensive and complex of the three alternatives 
presented, which left out the remaining two. The use of water in calculating displaced soil 
material volume instead of sand is easier and less complicated for reasons of water’s 
incompressibility and its known properties. Therefore, balloon dense meter was the most feasible 
alternative to be used in this field investigation. 
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Figure 18: (Left) Rubber Balloon Test Apparatus (modified after Jantzer, 2009) and Balloon Densometer Test in 
progress/Trial Pit 2 (Right) 

Latter calculated values for the Balloon Densometer Tests are given in tables in appendix B. 

7.2.2.2 Boring 
Auger machines are mechanical equipment that are designed for extraction of various valuable 
data during auger drilling. These machines could be mounted on trucks, rail cars or on special 
crawler machines equipped with chain wheels. Due to the requirements of this project, large 
scale auger boring was carried out using crawler mounted mobile auger drill rig Geotech 604D/ 
GEORIG 604, see figure 19 (GEOTECH, 2011).  

 
Figure 19: Geotech 604D/ GEORIG 604 (GEOTECH, 2011) 

The field investigation as a whole included the following individual activities: 

• Sampling (disturbed samples) 
• CPT testing, and 
• stratigraphic reading 
• installation of groundwater wells 
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Auger Sampling 
Auger samplers are mechanical equipment of different sizes that are designed for extraction of 
samples. The procedure was carried out according to ISO 22475-1:2006 standards and the 
samples were complementary to the samples taken from the trial pits for sieve analysis and grain 
size analysis to be performed in the laboratory. Depending on the size of the sample to be taken, 
auger sampling could be done on a smaller scale as well. Due to the requirements of this project, 
large scale auger sampling was carried out. Samples were collected on a roughly 1m difference 
in depth and were appropriately sealed for later testing. 

Cone Penetration Test (CPT) 
These tests were done following SS-EN ISO 22476-12:2009 standards on 31st January 2011. 
These procedures provide large amounts of data that can be used for analysis; on average up to 
60 points per a meter depth of exploration where each raw data point typically consists of depth, 
tip resistance(qt), sleeve friction(ft), and pore pressure(u) (Dataforensics, LLC, 2011). Converting 
this from the raw data (usually a text file) to something useful that can be analyzed and reported 
is a tedious and cumbersome process. Therefore, data interpretation software can be used to 
accurately analyze the data obtained from the CPT equipment. (See appendix A) 

Groundwater wells 
Groundwater wells were installed in the auger drilled holes according to ISO 22475-1:2006 
standards. Installation was carried out on the 25th and 26th January 2011at locations T1 and T4 
respectively; only where ground water table was intercepted. During installation of these wells 
groundwater level readings were taken and the values are given in table 7 in section 8.1.4. These 
results are not entirely accurate and will only be used as a reference to later taken values because 
the system has not stabilized at the time of reading. 

A second reading was made up on completion of CPT sounding on 31st January 2011. At this 
time the groundwater system has stabilized enough to consider the readings taken fairly accurate. 
The results are presented in table 7and are used for plotting an idealized ground water profile in 
section 8.1.4 following the test section specified in figure 15 in section 7.2.1.   

7.2.3 Laboratory Investigations 
Laboratory tests were carried out using the collected samples to evaluate the following 
geotechnical characteristics of the formation: 

• water content  
• particle density 
• grain size analysis 
• sedimentation analysis 
• porosity  
• hydraulic conductivity, etc.  
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7.2.3.1 Water Content 
In determining the water content of the soil formation, the various samples collected at different 
locations and depths were analyzed. Tables in appendices C and E show the water content 
calculated on the samples collected at different depths in the three trial pits and the bore holes.  

The test procedure involved weighing a certain amount of soil sample (in the range between 50 
to 100g) before and after oven drying it for 24 hours at 105 oC. Using these weighed masses the 
water content can be calculated using the following formula: 

100*
 
 

%    
Solids

Water

Mass
Mass

ContentMoisture =
 

Degree of Saturation 

Furthermore, degree of saturation values were calculated in order to facilitate in deciding 
whether or not groundwater table is actually encountered or not. According to Day (1999) degree 
of saturation is defined as: 

100  
V
V

  (%) 
V

W ×=S  

Day (1999) further explains that a total dry soil will have a value of 0 percent for degree of 
saturation where as a soil fully saturated as in a case below a groundwater table will have a value 
of 100 percent for degree of saturation. In the same publication, ranges of typical degree of 
saturation values against soil conditions are given and are discussed in table 5 as given by 
Terzaghi and Peck (1967): 

Table 5: Typical degree of saturation values after Terzaghi and Peck (1967) 

Condition S (%) 
Dry  0 
Humid 1-25 
Damp 26-50 
Moist  51-75 
Wet  76-99 
Saturated 100 
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The following formula will be used to calculate degree of saturation: 

( )  
 - 1w 

 .  . w  
s

s

ρρ
ρρ

+
=S  

Where: w is measured water content, sρ  is the particle density and ρ the dry density and wρ  is 
assumed to be 1.0 t/m3. 

7.2.3.2 Particle Density 
The mass density of solid particles or particle density of soil samples was determined by using 
pyknometers. The pyknometer method can be used for determination of the particle density of 
solid particles of both fine grained and coarse grained soils.  

For this test procedure pyknometers of capacity around 300 ml, weighing balance and an electric 
stove are the major equipment that were used (see figure 20). The volume of solid particles is 
calculated by measuring the volume of water displaced in an initially know volume of a 
pyknometer specific to that sample. The sample (slightly filled with water) is heated for about 10 
minutes on an electric stove at more than 100 oC, see figure 20. This will transfer the soil matrix 
from a three phase to a two phase system by removing air from the void space and allowing it to 
entirely fill with water.  

 
Figure 20: Pyknometers on an electric stove during particle density test 
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Using the initially known mass of the added sample the particle density can be calculated as: 

Solids

Soilds

Volume
MassDensityParticle =  

Two batches from each sample were tested to ensure minimal error. Refer to appendix C for 
detailed test procedure. 

7.2.3.3 Gradation Tests 
Various kinds of Gradation tests are applied to different soil compositions depending on size of 
the particle that is dominant. For soil samples with the dominating particle in the sand range 
(>0.063mm), sieving analysis alone can be is used. While for those in the range finer than sand; 
gravity sedimentation analysis will have to be used for particles in the silt range (0.063mm - 
0.002mm) or centrifugal sedimentation analysis for even  finer ones in the clay particle range(< 
0.002mm). 

Sieving analysis 
Sieving is a practice or procedure used (commonly used in civil engineering) to assess 
the particle size distribution (also called gradation) of granular materials. 

The size distribution is often of critical importance to the way the material performs in use. A 
sieve analysis can be performed on any type of non-organic or organic granular materials 
including sands, crushed rock, clays, granite, feldspars, coal, soil, a wide range of manufactured 
powders, grain and seeds, down to a minimum size depending on the exact method. Being such a 
simple technique of particle sizing, it is probably the most common. 

Sieve analysis has some limitations. This procedure generally assumes the soil particles to be 
spherical or nearly so. Actual circumstances, particles exhibit irregular shapes including flat like 
shapes which could pass a certain sieve or not depending on how they come in contact with the 
sieve. Moreover, sieving analysis would become unreliable for particle sizes less than 0.063mm. 
In this range, normal dry sieving would not be effective in separating the particles. Therefore, if 
the proportion of fines less than 0.063 is considerable and further separation is required, more 
adverse techniques will have to be employed. 

The results are presented in a graph of percentage passing or percentage finer versus the sieve 
size. On the graph the sieve size scale is logarithmic. To find the percent of soil passing through 
each sieve, first find the percent retained in each sieve. To do so, the following equation is used, 

100Re% ×⎥
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Where: WSieve is the weight of soil on the sieve and WTotal is the total weight of the sample. The 
next step is to find the cumulative percent of component retained in each sieve. To do so, add up 
the total amount of soil that is retained in each sieve and the amount in the previous sieves. The 
cumulative percent passing of the component is found by subtracting the percent retained from 
100%. 

%Cumulative Passing = 100% - %Cumulative Retained. 

The values are then plotted on a graph with cumulative percent passing on the y axis and 
logarithmic sieve size values on the x axis. For detail test procedure, refer toappendix D. 
According to Craig (1997) logarithmic scale is used for representing particle sizes so that soil 
samples with similar degree of uniformity will have similarly shaped curves despite their 
position on the gradation curve. 

Craig (1997) also establishes formulas for Coefficient of Uniformity (Cu) and Coefficient of 
Curvature (Cz) to generally describe the slope and shape of the distribution curve as follows: 

10

60

D
DCu =  

1060

2
30

DD
DCz =

 

Higher Cu means wider distribution of particle sizes while lower values indicate narrow particle 
distribution. A minimum of Cu =1 can be obtained when only one particle size is present as in the 
case of sand dunes. On the other hand extremely large values can be obtained for soils like 
glacial till. 

Sedimentation (Pipette) Analysis 
When carrying out particle size analysis for soil samples, the most common method used is 
Sieving Analysis. This procedure will allow us to determine the percentage composition of 
different particle sizes in the sand range and above. Particle sizes below 0.063mm considered silt 
and clay will be measured all together. If these fines are of considerable proportion, then a 
separation technique called Sedimentation Analysis will have to be employed to distinguish 
between the particles in the silt range using gravitational force field. And centrifugal force field 
for even finer particles in the clay range, if it is required. 

Sedimentation Analysis bases its theory on the fact that large particles in a suspension in a liquid 
settle faster than small particles, with an assumption that all the particles have similar shapes and 
densities in an initially fully agitated soil solution. It relates the terminal velocity, the velocity a 
falling body eventually reaches, with the particle diameter as given by Stokes’ Law (Head, 
1992). 
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The equation used to calculate the particle diameter is described below as given by Head, (1992). 

( )1005531.0
−

=
st
HD

ρ
η      ; mm 

Where: H = depth at which sample is taken (mm) 

t = Time at which sample is taken (min) 

ρs = Particle density (Mg/m3) 

η = Dynamic viscosity (mPa s)  

ρw = Water density assumed at 1.0 Mg/m3 

The test procedure requires precision and care during handling. This is a necessity because the 
particle sizes handled are very fine and the amount of sample analyzed is relatively small.  

Some of the major equipment required for the analysis includes a pipette, two cylinders with 
1000ml capacity, a stirring road, distilled water, a dispersant solution of known proportions, a 
thermometer and a timer. The procedure requires two solutions of 1000ml to be prepared; one 
with the dispersant solution alone and another with the soil sample plus a known amount of 
dispersant solution. 

Known amount of samples were taken using the pipette tube at known depths and times. 
Preferably, pre-calculated values for these depths in the cylinder and time instances gave 
readings at strategic particle sizes suitable for data and result presentation. 

The samples taken were oven dried for 24 hours at about 105 OC. Then by using the mass for 
these dried samples, the cumulative mass for particles smaller than the specific particle size were 
calculated as a proportion relative to the mass of the sample analyzed. Using these figures the 
percentage passing was calculated and merged with values obtained from the sieving analysis. 
See resulting plots in section 8.2.3. Detailed procedure for sedimentation analysis could be 
referred in appendix E. 

7.2.4 Analysis 
In carrying out this case study so far, various investigations were carried out and in return these 
investigations yielded data which consequently need to be analyzed according to the dam design 
criteria discussed in chapter 6 of this report. Therefore, after the lab and field investigation 
outputs are analyzed the different soil samples will be scrutinized to see which results fit which 
section properties and if they fulfill the design criteria collectively. Analysis will make use of 
empirical equations, laboratory outputs and field investigation results. 
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Stratigraphy 
Soil profiling of the entire natural analogy will be carried out making use of out put data from the 
various investigations and resources such as:  

• gradation analysis data of the disturbed samples from the trial pits and auger holes 

• information from the inherent depositional behavior and characteristics of glacio-fluvial 
deposits 

• ocular inspection of the soil profiles in the trial pits and auger drilled holes, etc.  

Extrapolation to account for data absence in ‘in between’ locations will be done following the 
topography of the terrain. Stratigraphy plots will be drawn along the section (see in figure 15) 
following the test location spots.  

Hydraulic processes 
The hydraulic conductivity could be analyzed in three ways. One is using in situ testing 
procedures, two is in the laboratory under controlled conditions and three is using empirical 
equations as described in section 5.1.3. This section will include calculations of hydraulic 
conductivity done using the empirical formulas as summarized in table 6. 

Table 6: Empirical Formulas for Hydraulic Conductivity 

Hazen formula by (Fell, et al., 2005) ( ) (m/s);                                              2
10DCk =  

Hazen formula by (Chapuis, 1992) 
    (cm/s);                          
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8 Investigation Results 
Results of the various investigations carried out are presented hereafter following the sequence 
they were performed. Compiling the outputs of these investigations; the report will create soil 
profiles, define key geotechnical characteristics, test design criteria and more. 

8.1 Field Investigation Results 

8.1.1 Densometer Tests/Field Density Analysis 
These tests were performed in the field and hand calculations were carried out later on to yield 
the following results (see figure 21).  

 
Figure 21: Field Density Results, Trial Pits 1, 2 and 3 

 
The analysis was carried out at the three pit excavations at various depths. As can be seen from 
figure 21 majority of the samples from all the pits fall in the range between 1.2-1.6 t/m3. For 
detailed field density calculations refer to appendix B. 

8.1.2 CPT Tests 
The Cone Penetration Tests carried out yielded digital output which was evaluated by a program 
(Conrad 3.0) which transformed the data in to an easily understandable table formats. CPT 
sounding was performed a small distance away from only two of the four the auger holes in 
which groundwater table was intercepted, i.e. in T1 and T4. The output includes the type of soil 
classification, friction angle, ultimate and effective vertical stresses, relative density and young’s 
modulus. From all these output values, the only one that was used for further analysis is Relative 
Density (ID). The complete CPT output can be referred in appendix A. 
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8.1.3 Stratigraphy  
Data from auger drilling, CPT and trial pits was used to create soil profiles. At each trial pit, a 
rough stratigraphy mapping was done. In trial pit 1, the top soil (to a rough half a meter depth) 
exhibits a reddish medium sand layer indicating probable iron and/or organic content; which also 
indicates the presence of humus in the top layer of the soil. Further down, the soil starts to 
exhibit a finer texture getting more fine with depth. The top medium sand soil type turns to fine 
sand till a depth of 1m then for about 0.5m it turns to a coarse silt soil type then to coarse clay 
soil type for the next half a meter depth finally reversing to fine silt soil type for the last 0.9m 
deep excavation level. Profile starts to show a silt dominating section with a slight water content 
below 1.6m.  

In trial pit 2, two dominating soil compositions are exhibited. Fine sand is exhibited till a depth 
of 1.7m  with the last half a meter turning to silty sand while the bottom soil profile of the 
excavation shifts to coarse sand till a depth of 3.8m. Trial pit 3 exhibits a fine sand soil type with 
the profile turning silty at mid depths between 0.5-1.2m, 1.6-2.1m and below 2.7m to final depth 
of excavation of 3.3m. For a more schematic presentation of the above description refer to plots 
in figure 22. Refer to appendix F for soil type abbreviations. 
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(a) 

 
(b) 

Figure 22: (a) Idealized and simplified ground water profile using trial pit data and (b) trial pit samples with 
corresponding soil types 

During a different set of investigations, at a test location near lake Hennan (upper lake) i.e. bore 
hole 1 (T1); a 10cm thick fine sand with an inclusion of moss vegetation is seen to cover the top 
most layer. Then the ground is seen to be dominated by a fine sand soil type till a depth of 4.9m 
with an inclusion of fine sand and silt between depths 3.4m and 4.4m. After which sand is seen 
to be the dominant soil type till the final depth of excavation of 6.0m. In bore hole 2 (T2), the top 
half of the excavated ground is seen to be dominated by a sand and fine sand soil types while the 
bottom half is composed of a gravely sand soil type. In bore hole 3 (T3), the ground shows a 
similar fine sand dominance till a depth of 5.6m after which the soil turns to gravely type of sand 
till the final depth of excavation of 7.8m. At bore hole 4 (T4), the ground starts by a 40cm thick 
sandy humus soil, then turns to a sand dominated soil profile to a depth of 1.6m finally showing 
a sandy gravel soil type till the final depth of excavation of 4.0m. 
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On an easier and more understandable manner, the ground profile is seen in plots in figure 23. 
Moreover, complete stratigraphic readings, with precise reading at smaller intervals are tabulated 
in appendix G. 

 
(a) 

 
(b) 

Figure 23:  (a) Idealized and simplified ground water profile using bore hole data and (b) bore hole samples with 
corresponding soil types 

8.1.4 Groundwater  
Groundwater readings were taken at two occasions. Tables 7 gives readings taken first time 
around at the time of well installations on 25th and 26th of January 2011. 
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Table 7: Ground water pipe 1 and 4 at different reading times 

Designation Reading Date Depth (m) Water table (m) 
T1-GW 25th of January 2011 3.90 205.88  
T4-GW 26th of January 2011 2.67 190.95 
T1-GW 31st of January 2011 4.64 205.14 
T4-GW 31st of January 2011 2.63 190.99 

A second reading was made, up on completion of CPT sounding on 31st of January 2011. At this 
time the groundwater system is assumed to have stabilized enough to consider the readings taken 
fairly accurate. The results are presented in tables 7 above and are used for making an idealized 
ground water profile as plotted in figures 22(a) and 23(a).  

8.2 Laboratory Investigation Results 

8.2.1 Water Content and degree of saturation 
Groundwater at trial pit test locations was not entirely encountered. But as an exception in trial 
pit 1, the soil was observed to get wetter with an increase in depth. As can be seen from figure 
24, trial pit 1 shows an almost linear increase in water content with depth. This could be 
attributed to the fact that the soil tends to get finer (i.e. less permeable and higher water retention 
tendency) as depth is increased according to the stratigraphy results presented in section 8.1.3, 
and X50 vs. depth plot on figure 29 (left). The soil has attained a maximum water content of 
29.2% at the deepest reached level. 

Trial pits 2 and 3, on the other hand, show a rather drier soil profile. Trial pit 2 has a mean water 
content of less than 5% while trial pit 3 shows a mean water content around 8% with both 
locations showing a sudden rise in water content to a value of around 15% at mid excavation 
depth of around 2m (see figure 24). Complete water content analysis is tabulated in appendix H. 
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Figure 24: Water content vs. depth analysis in trial pits 1, 2 and 3. 

As presented in section 8.1.4, during auger drilling, groundwater table was only encountered in 
boreholes T1 and T4, at test locations closest to the upper and lower lakes respectively. This 
indicates the water table to be much deeper than anticipated in the middle grounds in auger test 
locations T2 and T3. Figure 25 also shows that much higher water content was found in T1 with 
a maximum attained value of 26.8% at an average depth of 4.65m. In similar circumstance, the 
water table was encountered during drilling of T4 with a maximum water content of 14.3% 
attained at an average depth of 3.5m. Apart from the on site observations during drilling, tables 
in appendix I also shows much lower water content for the middle and elevated grounds in and 
around test locations T2 and T3, than the other peripheral locations. 
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Figure 25: Water content vs. depth analysis in auger holes 1, 2, 3 and 4. 

Further analysis was carried out in determining the degree of saturation as briefly explained in 
section 7.2.3. The results clearly support the deductions obtained from the water content values 
above. Accordingly figure 26 shows these calculated values to be well below 50% putting the 
soil in the trial pits in the damp and humid soil categories (see table 5). None of the samples in 
the trial pits except in trial pit one show specific pattern with depth. The plot in figure 26 shows 
that the degree of saturation in trial pit 1 increases with depth, as similar pattern is show with 
water content values against depth, on the plot in figure 24. 
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Figure 26: Degree of Saturation vs. Depth for trial pits 1, 2 and 3. 

Moreover, similar calculations were made for samples at the auger drilled locations. These 
figures, as presented in table 8, show that bore holes 2 and 3 have a much lower values putting 
the soil samples in humid soil conditions as per table 5 in section 7.2.3. A value of 89% is also 
found for soil sample in auger hole 1, implying wet soil conditions supporting the fact that 
groundwater table was encountered at this same location. 

Table 8: Degree of Saturation values for specific samples at auger drilled locations. 

Borehole  Sample No / 
(Samples one 
level above 

deepest levels) 

Depth 
Interval 

(m) 

Location 
with 

respect to 
the GWT 

Degree of 
Saturation 

(%) 

T1 6 4.4-4.9 Below 89 
T2 4 3.0-4.0 Above 16 
T3  8 6.0-7.0 Above 17 
T4 5 2.0-3.0 Below 51 

8.2.2 Particle Density 
Particle density for most soils falls in the range between 2.60 to 2.75 t/m3, with expected 
exceptions of higher value for denser particles and lower value for soils with organic content 
(GLOBE, 2002). Particle density values calculated using the pyknometer test are given in figure 
27. 
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Figure 27: Particle density vs. depth for trial pits 1, 2 and 3 

Moreover, additional particle density values were calculated for one sample per one auger hole. 
Samples were selected to be from one level above the last depth of excavation. Table 9 gives 
obtained results and appendix J gives detailed particle density calculations for these samples. 

Table 9: Particle density values (Auger hole) 

Borehole Sample 
Number 

Depth Interval 
(m) 

Particle Density 
(t/m3) 

T1 6 4.4-4.9 2.73 
T2 4 3.0-4.0 2.67 
T3 8 6.0-7.0 2.69 
T4 5 2.0-3.0 2.68 

 

8.2.3 Gradation Analysis 
Figure 28 shows the gradation curves for soil samples at different depths for trial pit one, which 
are a combination of individual sieving and sedimentation analysis curves. The curves as a whole 
show that the soil becomes finer with depth with a single exception of the last section. The plots 
also show that the fine content increases from the surface down till a depth of 1.5m but it shows 
a gradual decrease after that depth. 

0

0.5

1

1.5

2

2.5

3

3.5

4

2.66 2.68 2.70 2.72 2.74 2.76

D
ep

th
 (m

)

Particle Density (t/m3)

P1

P2

P3



 

48 
 

 
Figure 28:  Gradation curves for samples at different depths in trial pit 1 

For trial pit 1, the X50 vs. depth plot (see figure 29, left) shows that the soil becomes finer as 
depth increases. While figure 29 (Right) shows that the soil in trial pit 1 tends to be more well 
graded (relative to neighboring sections) with increasing Cu as we go deeper till a depth of 1.5m 
and then Cu starts to decrease indicating the soil becoming more poorly graded going further 
down. Similar observations can be made using the Cz vs. depth plot as well. 

   
Figure 29: X50 vs. depth for trial pit 1 (Left) and Cu/Cz vs. depth for trial pit 1 (Right) 

At a depth of 1.5m, both the gradation curves and the Cu vs. depth plots show complete reversal 
in the trend of values with depth. At this point it is safe to assume that a distinctive change 
occurs in the geotechnical properties of the deposit. 

8.3 Empirical Calculations 

Hydraulic conductivity 
For carrying out empirical hydraulic conductivity calculations, void ratio values are obtained 
from the particle density analysis done using the pyknometer apparatus. For the ration γ/μ a value 
of 9.93×10-2 1/m sec is used assuming water as the permeant at 20oC; pore shape factor ko and 
the square value of the tortuosity T2 will have a value of 2.5 and 2 respectively as specified by 
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Carrier (2003) and Mitchell & Soga (2005). Detailed number manipulations are presented in 
appendix K while final hydraulic conductivity values are presented in table 10. 

Table 10: Hydraulic Conductivity values using different formulas for trial pit 1. 

Trial Pit 1                            Depth(m) 0.5 1.0 1.5 2.0 2.9 
Formulas Hydraulic Conductivity (m/s) 

( ) (m/s); 2
10DCk =  2.2×10-5 4.6×10-6 4.5×10-7 5.8×10-7 1.2×10-6 

    (m/s);
1

 . 024622.0
7825.03

10
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
e
eDk  

8.4×10-4 8.7×10-4 3.0×10-4 3.4×10-4 5.1×10-4 

(m/s); 
1

 .1.
3

22
0

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
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⎞
⎜⎜
⎝

⎛
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e
e

STk
k

oμ
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6.5×10-3 4.0×10-3 1.1×10-3 5.0×10-4 1.2×10-3 
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Hydraulic gradient 
As discussed in section 5.3.3 Darcy’s law expresses the hydraulic gradient i as: 

( ) 100 ×= l
hi

 

Using groundwater table observations at different locations, the hydraulic gradient was able to be 
calculated between few locations (see table 11) which could represent main flux direction. 

Table 11: Hydraulic gradient calculations 

 Δ Distance, h (m) Δ Elevation, L (m) Hydraulic gradient (i) (-) 
Lake Hennan 

100 2.36 2.4% 
T1 

587.4 14.15 2.4% 
T4 

240 0.01 0.004% 
Water well 

400 4 1.0% 
Lake Storsjön 

Moreover, additional hydraulic gradient calculations were done in a network of combinations 
between the various test locations as can be seen in figure 30. 

 
Figure 30: A network of hydraulic gradient values between different test locations. 
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9 Discussion 

9.1 Stratigraphy 
As discussed in previous sections, the geological formation in Hennan and glacio-fluvial deposits 
in general exhibit triangular depositional patterns. Typical deposition patterns of any fluvial 
deposits is expected to show a decrease in grain size with travel distance (i.e. particles getting 
finer with distance with much boulder sizes accumulating upstream) this fact being attributed to 
drop in flow velocity and other occasional factors like decrease in flow volume at constrictions 
(Hambrey, 1994). In accordance with that, deposition profile with depth at specific location is 
expected to show an increase in grain size with depth; owing this effect to larger influence of 
gravity on larger particles and a proportional reduced influence on finer ones. 

Because ground watertable was encountered at test location 1, trial pit 1 was investigated more 
than the other test locations. Gradation analysis, to a refined level of the finest silt particles was 
done by using sedimentation analysis. The three plots in figure 28 and 29 also show that there is 
a reversal in the characteristics of the soil around the mid height of the excavated depth. Values 
in X50, Cu and Cz are seen to make change of their trend at depths of 2m, 1.5m and 1.2m 
respectively. 

In accordance with the above mentioned pattern; values in table 12, be it the D50 values or any of 
the other given cumulative percentage values, also show that the soil particles get finer till a 
depth of 2m and get coarser after that (see whole analysis table in appendix L). After the final 
depth of 2.9m, it is not known for certain if the trend will continue or not. 

Table 12: Corresponding particle sizes for key percentage finer values, Coefficient of Uniformity (Cu), Percentage 
finer corresponding to a particle size of 0.075mm (Trial pit 1). 

P1   0.5m  P1   1.0m  P1   1.5m  P1   2.0m  P1   2.9m 

D60  0.107mm  D60  0.095mm  D60  0.073mm D60  0.025mm D60  0.029mm

D10  0.047mm  D10  0.022mm  D10  0.007mm D10  0.008mm D10  0.011mm

Cu   2.3  Cu   4.4  Cu   10.8  Cu   3.3  Cu   2.6 

D50  0.097mm  D50  0.083mm  D50  0.055mm D50  0.021mm D50  0.025mm

D85  0.282mm  D85  0.164mm  D85  0.132mm D85  0.060mm D85  0.047mm

D15  0.059mm  D15  0.032mm  D15  0.010mm D15  0.009mm D15  0.013mm

D29  0.075mm  D44  0.075mm  D61  0.075mm D88  0.075mm D97  0.075mm

Moreover, based on on-site eye observations; the grounds near to the lakes, specially the 
extended flat land adjacent to lake Storsjön, were seen to be made up of a differing soil 
composition from that of the inland grounds.  
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Figure 31: Idealized soil profile of the natural analogy at Hennan. 

Figure 31 shows possible extrapolation of the natural dam analogy making use of information at 
hand. Regions to the outer sides of the section lines in figure 31 represent a black spot in the 
investigation results. These regions together with sections at deeper depths in the middle grounds 
represent areas not investigated enough. For that reason, the state of the groundwater is not 
entirely know in the region most crucial for the stability of this natural dam formation. 

9.2 Hydraulic conductivity 

Using the empirical equations in section 5.3.3 the hydraulic conductivity was calculated and the 
results were presented in table 10 in section 8.3. As a requirement, Hazen indicates the D5 
particle size to be greater than 0.075mm and D10 to be between 0.1 and 3mm, but non of the 
samples come close to satisfying this criterion looking at the percentage finer values given tables 
14 and 15 corresponding to a particle size of 0.075mm in section 9.4.  In spite of that, it is only 
the simplified Hazen formula presented by Fell, et al. (2005) which yields hydraulic conductivity 
values close enough to the relatively realistic values given by Brassington (1988) as presented in 
appendix M (modified to m/s values). Therefore, it is the conclusion of this paper, regardless of 
the Hazen criteria not being fulfilled in its entirety,  that this scenario closely supports the 
conclusion drawn by Fell, et al. (2005), as mentioned in section 5.3.3, as to the less likeliness of 
the Kozeny-Carman formula yielding a more precise result than the Hazen formula. 

Throughout the investigated region phreatic surface reference levels were able to be measured at 
five locations. First known water level is at the initial point on the upper lake (Lake Hennan) 
with a reference level of 207.5m. The second and third points of contact with the groundwater 
table are in bore holes 1 and 4 at a relative depth of 4.64m and  2.63m from the surface and with 
a reference level of 205.14m and 190.99m respectively. Next points are found in an open well 
and finally the lower lake (Lake Storsjön) consecutively with reference levels of 191m and 
187m, going down the phreatic surface to the last point of exit for the ground water.  

Values for hydraulic gradient were calculated from the groundwater readings obtained (see 
figure 32). The hydraulic gradient values are calculated between locations following nearly a 
straight shortest line between the two water bodies (indicated by the black arrow in figure 32) 
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implying the values to have been calculated following close to the actual groundwater 
movement. 

 
Figure 32: Probable groundwater flow direction and groundwater level readings 

The first two values obtained between lake Hennan and T1 together with T1 and T4 show a 
consistent 2.4% value representing the elevated section of the natural analogy. The value 
obtained between T4 and the open water well was too low, consistent with the fact that the value 
was calculated perpendicular to presumed direction of groundwater flow. The last figure 
obtained between the open well and lake Storsjön is a low value of 1.0%, though it is still in the 
direction of the presumed groundwater flow. But this last section represents the elongated low 
lands located adjacent to lake Storsjön. 

9.3 Soil properties 
Referring to field density out put for the trial pits, it can be seen that most of the values, except 
few, fall on a reasonable range. Two samples have given values that are low. P2 at 1.1 m depth, 
with a fine sand composition, shows a field density of 0.96 t/m3 and P3 at 2.7 m depth, again 
with a fine sand composition, shows a field density of 0.69 t/m3.  

Moreover, during field excavation groundwater table was intercepted only in auger holes T1 and 
T4. Since trial pit 1(P1) is located on the side of auger hole T1, similar circumstances were 
expected. As can be seen from the water content result plots, P1 shows higher and increasing 
water content value than the rest of the test locations. On others auger holes T1 and T4 show 
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similar pattern of increasing water content with depth. However, some relatively low values were 
encountered in the auger holes where ground water was not intercepted and in the trial pits in 
their vicinity. This relatively low values are presented in table 13. 

Table 13: Compilation of low water content measurements  

Test location Depth (m) Soil type Recorded w 
value (%) 

P2 2.5 gSa 2.9 
P2 3.8 gSa 1.8 
T2 0-1 SaSaf 3.7 
T2 2-3 grSag 1.6 
T2 3-4 grSa 2.8 
T2 4-5 (gr)Sa 2.7 
T3 5-5.6 Saf 4.6 
T3 5.6-6 Sag Gr 4.0 
T3 6-7 gr Sag 2.9 

The above tabulated values were well below expected values. Therefore, the data was further 
analyzed if acceptable degree of saturation values were recorded for the test locations. As for 
trail pit 1, recorded values show that the groundwater table was 3 m below the final depth of 
excavation. As for the excavated depth of 2.9 m the degree of saturation values in figure 26 show 
an expected increase in the figures with depth. As for the remaining test locations, relatively low 
degree of saturation values were recorded at three spots for P2 and one spot for P3. For the auger 
drilled samples below GWT at T1 and T4, two values were expected to show a value 100% but 
recorded values were much lower as can be seen in table 14. 

Table 14: Compilation of porosity values that deviate from expected values  

Test location Depth (m) Soil type Recorded n 
value (%) 

P2 1.1 Saf 6 
P2 2.5 gSa 8 
P2 3.8 gSa 5 
P3 2.7 Saf 6 
T1 4.4-4.9 Saf 89 
T4 2-3 SaGr 51 

Moreover, looking at particle density values it can be seen in figure 26 and table 9 (for trial pits 
and auger holes respectively) that, particle density values for samples from trial pits P1 and P3 
falls between 2.71 to 2.74 t/m3; while particles from trial pit P2 show a slight, but insignificant, 
decrease in particle density. Never the less, all particle density values for both the trial pit and the 
auger holes samples lay perfectly in the mentioned range given for normal soil values (i.e. 
between 2.60 – 2.75 t/m3). Complete particle density analysis is tabulated in appendix N and J 
for trial pits and auger holes respectively. 
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9.4 Design criteria 
In analyzing these samples from trial pit 1 as dam sections, it was initially assumed that the finer 
section will fit base material properties and the next coarser sample will fit filter material 
properties. If the size difference was too small to satisfy all the components of the design criteria, 
a filter sample with a relatively coarser particle size was to be considered for analysis. 

In initial scenarios top layers were considered for analysis to fulfill the design criteria. But all 
sections were not close to being coarse enough to fulfill the permeability criterion, at least 
partially. Since the samples show greater fine content with depth, increasing from 29% at the 
surface to 97% at 2.9m depth. Even though sample at 2.9m depth contains more fines, all other 
values indicate sample at 2.0m depth to be finer when considered as a whole.  

• For the first analysis in table 15, sample at P1 2.0m will be taken as the base material and P1 
0.5m will be taken as the filter material. 

Table 15: Analysis of Dam Design Criteria (1) (Fell, et.al., 2005 ;Isotomina, 1957) 

Filter D15F  0.059mm 
0.075mm  D29 

Base Material 0.075mm  D88 (Base soil category 1) 
D15B 0.009mm 
D85B 0.060mm 

Filter 
Criteria 

9 D85B 0.54mm 
D15F ≤9 D85B Criteria FULFILLED 

Permeability  
Criteria 

4D15B 0.036 
Finer than 0.075mm 3% 
Finer than 0.075mm ≤ 2% 
(at most 5%) 

Criteria BOUNDARY CONDITION 

D15F ≥ 4D15B Criteria FULFILLED  
D15F (Should be > 0.1mm) Criteria NOT FULFILLED  

Filter Band 
Criteria 

Cu 2.6  
Cu ≤ 6 Criteria FULFILLED 

Criteria for 
Suffusion 
 

Cu 2.6  
Cu ≤ 10 ‘‘No Suffusion Criteria’‘ FULFILLED 
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• For the second analysis in table 16 sample at P1 2.0m will be again taken as the base material 
and P1 1.0m will be taken as the filter material. 

Table 16: Analysis of Dam Design Criteria (2) (Fell, et.al., 2005 ;Isotomina, 1957) 

Filter D15F  0.032mm 
0.075mm  D44 

Base 
Material 

0.075mm  D88 (Base soil category 1) 
D15B 0.009mm 
D85B 0.060mm 

Filter 
Criteria 

9 D85B 0.54mm 
D15F ≤9 D85B Criteria FULFILLED 

Permeability  
Criteria 

4D15B 0.036 
Finer than 0.075mm 3% 
Finer than 0.075mm ≤ 2% 
(at most 5%) 

Criteria BOUNDARY CONDITION 

D15F ≥ 4D15B Criteria NOT FULFILLED  
D15F (Should be > 0.1mm) Criteria NOT FULFILLED  

Filter Band 
Criteria 

Cu 2.6  
Cu ≤ 6 Criteria FULFILLED 

Criteria for 
Suffusion 
 

Cu 2.6  
Cu ≤ 10 ‘‘No Suffusion Criteria’‘ FULFILLED 
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10 Conclusion 
This study set out with an aim to facilitate the design of embankment dams with regard to 
internal erosion and related accompanying processes. Information concerned with design criteria 
for artificial dams, soil profiling, hydraulic conductivity and various soil parameters was 
collected from literatures. Based on the investigation results the following conclusions were able 
to be drawn: 

• The geological formation at Lake Hennan is a natural dam. 

• The geological formation at Lake Hennan is an esker formation surrounded by lacustrine 
deposits of finer materials on grounds adjacent to the upper and lower lakes. 

• The groundwater observations indicate a maximum hydraulic gradient of 2.4%. 

• Compared to the reviewed dam design guidelines the following requirements based on 
gradation curves are met: the filter and suffusion criteria. 

• Compared to the reviewed dam guidelines the permeability criteria based on gradation curves 
is not fulfilled. The amount of fines is too high. 
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Appendix A 

CPT out put 
Table 17: CPT out put (Bore hole 1, T1) 

C P T - Sounding (T1) 
Report Date 2/3/2011 
Page 1&2 of 2 
Project:-Hennan-Storsjön                                    
228017 

City-Ljusdals kommun                                    
Bore hole - T1                                                  
Date 2011-01-31 

Depth (m) Classificati
on 

ρ     
t/m3 

φ     
o 

σvo       

kPa 
σ'vo      

kPa 
ID       

% 
E     

Mpa 
MOC   
Mpa 

MNC   
Mpa From  To 

0 0.2   1.8   1.8 1.8         
0.2 1   0   10.6 10.6         
1 1.2 Sa Med 1.9 38.6 19.5 19.5 72.6 20.5 26.8 21.4

1.2 1.4 Sa Med 1.9 38.7 23.2 23.2 69.6 20.2 26.4 21.1
1.4 1.6 Sa Med 1.9 38.6 27 27 69 21.2 27.8 22.3
1.6 1.8 Sa Med 1.9 38.5 30.7 30.7 68.5 22.2 29.2 23.4
1.8 2 Sa Med 1.9 38.5 34.4 34.4 69 23.8 31.5 25.2
2 2.2 Sa Med 1.9 38.2 38.2 38.2 65.4 22.2 29.2 23.3

2.2 2.4 Sa Med 1.9 38.1 41.9 41.9 65.6 23.3 30.8 24.6
2.4 2.6 Sa Med 1.9 38 45.6 45.6 65.4 24.1 31.9 25.5
2.6 2.8 Sa Med 1.9 38 49.3 49.3 66.5 25.9 34.5 27.6
2.8 3 Sa Med 1.9 37.8 53.1 53.1 64.6 25.2 33.5 26.8
3 3.2 Sa Med 1.9 37.2 56.8 56.8 59.3 21.9 28.8 23.1

3.2 3.4 Sa L 1.8 36.5 60.4 60.4 54 19 24.7 19.8
3.4 3.6 Sa L 1.8 36.3 64 64 53.6 19.2 25 20
3.6 3.8 Sa Med 1.9 36.2 67.6 67.6 53.7 19.8 25.8 20.6
3.8 4 Sa Med 1.9 36.6 71.3 71.3 57.4 22.9 30.3 24.2
4 4.2 Sa Med 1.9 36.8 75 74 59.8 25.2 33.5 26.8

4.2 4.4 Sa Med 1.9 37.1 78.8 75.8 62.9 28.2 37.7 30.2
4.4 4.6 Sa Med 1.9 36.9 82.5 77.5 61.5 27.2 36.3 29
4.6 4.8 Sa Med 1.9 36.7 86.2 79.2 59.7 25.9 34.5 27.6
4.8 5 Sa Med 1.9 36.2 90 81 56 23.2 30.7 24.5
5 5.2 Sa Med 1.9 35.8 93.7 82.7 53 21.3 27.9 22.3

5.2 5.4 Sa Med 1.9 35.8 97.4 84.4 53.1 21.6 28.3 22.6
5.4 5.6 Sa Med 1.9 35.7 101.1 86.1 53.2 21.9 28.7 23
5.6 5.8 Sa Med 1.9 36.2 104.9 87.9 57.3 25.2 33.5 26.8
5.8 6 Sa Med 1.9 36.4 108.6 89.6 58.9 26.7 35.6 28.5



IV	
	

6 6.2 Sa Med 1.9 36.4 112.3 91.3 59.2 27.3 36.4 29.2
6.2 6.4 Sa Med 1.9 36.4 116.1 93.1 59.2 27.4 36.7 29.4
6.4 6.6 Sa Med 1.9 35.9 119.8 94.8 55.6 24.6 32.7 26.1
6.6 6.8 Sa Med 1.9 35.8 123.5 96.5 55.6 24.9 33 26.4
6.8 7 Sa Med 1.9 35.5 127.2 98.2 53.4 23.4 30.9 24.7
7 7.2 Sa Med 1.9 35.5 131 100 53.2 23.4 30.9 24.7

7.2 7.4 Sa Med 1.9 35.6 134.7 101.7 54.5 24.6 32.6 26.1
7.4 7.6 Sa Med 1.9 35.3 138.4 103.4 52.4 23.2 30.6 24.5
7.6 7.8 Sa Med 1.9 35.2 142.1 105.1 52.3 23.3 30.7 24.6
7.8 8 Sa Med 1.9 35.5 145.9 106.9 54.1 24.9 33 26.4
8 8.2 Sa Med 1.9 35.8 149.6 108.6 57.1 27.6 36.9 29.5

8.2 8.4 Sa Med 1.9 36 153.3 110.3 58.4 29 38.9 31.2
8.4 8.6 Sa Med 1.9 35.9 157.1 112.1 58.4 29.2 39.2 31.4
8.6 8.8 Sa Med 1.9 35.8 160.8 113.8 57.5 28.5 38.3 30.6
8.8 9 Sa Med 1.9 35.9 164.5 115.5 58.7 29.9 40.2 32.2
9 9.2 Sa Med 1.9 35.5 168.2 117.2 55.8 27.4 36.6 29.3

9.2 9.4 Sa Med 1.9 35.5 172 119 55.9 27.7 37 29.6
9.4 9.6 Sa Med 1.9 35.9 175.7 120.7 59.3 31.1 42 33.6
9.6 9.8 Sa Med 1.9 35.8 179.4 122.4 58.7 30.7 41.4 33.1
9.8 10 Sa Med 1.9 36.1 183.2 124.2 61.1 33.4 45.3 36.2
10 10.2 Sa Med 1.9 36 186.9 125.9 60.7 33.2 45.1 36

10.2 10.4 Sa Med 1.9 36 190.6 127.6 60.6 33.3 45.2 36.2
10.4 10.6 Sa Med 1.9 35.4 194.3 129.3 56.6 29.4 39.6 31.7
10.6 10.8 Sa Med 1.9 35.4 198.1 131.1 56.4 29.4 39.6 31.7
10.8 11 Sa Med 1.9 35.4 201.8 132.8 57.1 30.3 40.7 32.6
11 11.2 Sa Med 1.9 35.5 205.5 134.5 57.6 31 41.8 33.4

11.2 11.4 Sa Med 1.9 35.4 209.2 136.2 57 30.5 41.1 32.9
11.4 11.6 Sa Med 1.9 35.7 213 138 59.4 33.2 45.1 36.1
11.6 11.8 Sa Med 1.9 35.6 216.7 139.7 58.8 32.7 44.3 35.5
11.8 12 Sa Med 1.9 35.9 220.4 141.4 61.3 35.7 48.7 39
12 12.2 Sa Med 1.9 36.1 224.2 143.2 63.1 38.1 52.3 40.9

12.2 12.4 Sa Med 1.9 36.2 227.9 144.9 64.2 39.8 54.6 41.9
12.4 12.6 Sa Med 1.9 35.9 231.6 146.6 61.6 36.7 50.2 40.1
12.6 12.8 Sa Med 1.9 35.5 235.3 148.3 59.2 34.2 46.4 37.1
12.8 13 Sa Med 1.9 35.6 239.1 150.1 59.9 35.1 47.8 38.3
13 13.2 Sa Med 1.9 35.9 242.8 151.8 62.9 38.9 53.4 41.4

13.2 13.4 Sa Med 1.9 36.1 246.5 153.5 64.3 40.9 56.3 42.5
13.4 13.6 Sa Med 1.9 36.1 250.3 155.3 64.6 41.6 57.3 42.9
13.6 13.8 Sa Med 1.9 36.1 254 157 64.3 41.3 56.9 42.8
13.8 14 Sa Med 1.9 35.7 257.7 158.7 61.4 37.8 51.8 40.7
14 14.2 Sa Med 1.9 35.9 261.4 160.4 63.6 40.8 56.2 42.5



V	
	

14.2 14.4 Sa Med 1.9 36.2 265.2 162.2 66.2 44.6 61.9 44.8
14.4 14.6 Sa Med 1.9 36.3 268.9 163.9 66.9 45.8 63.7 45.5
14.6 14.8 Sa Med 1.9 35.6 272.6 165.6 61.5 38.7 53.1 41.3
14.8 15 Sa Med 1.9 35.5 276.3 167.3 61.2 38.5 52.8 41.1
15 15.2 Sa Med 1.9 35.6 280.1 169.1 61.6 39.2 53.8 41.5

15.2 15.4 Sa Med 1.9 35.6 283.8 170.8 61.8 39.6 54.5 41.8
15.4 15.6 Sa Med 1.9 35.9 287.5 172.5 64.1 42.9 59.4 43.7
15.6 15.8 Sa Med 1.9 35.7 291.3 174.3 63 41.6 57.4 42.9
15.8 16 Sa Med 1.9 36.1 295 176 66.2 46.3 64.4 45.8
16 16.2 Sa Med 1.9 36.1 298.5 177.6 66 46.2 64.3 45.7
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Table 18: CPT out put (Bore hole 4, T4) 

C P T - Sounding (T4) 
Report Date 2/3/2011 
Page 1 of 1 
Project:-Hennan-Storsjön                                   
228017 

City-Ljusdals kommun                                               
Bore hole - T4                                                            
Date 2011-01-31 

Depth (m) Classificati
on 

ρ     
t/m3 

τfu          
kPa 

φ      
o 

σvo      

kPa 
σ'vo     

kPa 
ID      

% 
E     

Mpa 
MOC   
Mpa 

MNC   
Mpa From  To 

0 0.2   1.8     1.8 1.8         
0.2 0.7   0     7.9 7.9         
0.7 0.9 Si v L 1.6 ((52.5)) (35.0

)
13.9 13.9   3.4 3.9 3.1

0.9 1.1 Si v L 1.6 ((59.5)) (34.7
)

17.1 17.1   3.8 4.4 3.5

1.1 1.3 Sa  L 1.8   38.7 20.4 20.4 69.3 18.9 24.5 19.6
1.3 1.5 Sa  L 1.8   37.5 23.9 23.9 50.0 10.8 13.5 10.8
1.5 1.57 Sa Med 1.9   44.1 26.3 26.0 80.0 29.9 40.2 32.2
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Appendix B 
Densometer Tests 

Table 19: Field Density Calculations, Trial Pit 1 

Trial 
Pit ID 

Depth 
(m) 

Water 
Temp 
(oC)  

Air 
Temp 
(oC) 

Initial 
Reading 
(cm) 

Final 
Reading 
(cm) 

Change 
in 

Reading 
(mm) 

Volume 
(cm3) 

Wet Sample 
from DM 
test (g) 

Field 
Density 
(t/m3) 

P1  0.5  49.8  ‐5.7  14.5  9  55  268.4  404.38  1.507 
P1  1  43.7  ‐6.6  13.9  6.8  71  346.48  445.78  1.287 
P1  1.5  36.2  ‐7.5  10  5.5  45  219.6  294.9  1.343 
P1  2  14.7  ‐8.1  13.7  7.5  62  302.56  404.4  1.337 
P1  2.9  7.9  ‐5.6  12.2  5.7  65  317.2  412.596  1.301 

 

Table 20: Field Density Calculations, Trial Pit 2 

Trial 
Pit ID 

Depth 
(m) 

Water 
Temp 
(oC) 

Air 
Temp 
(oC) 

Initial 
Reading 
(cm) 

Final 
Reading 
(cm) 

Change 
in 

Reading 
(mm) 

Volume 
(cm3) 

Wet Sample 
from DM 
test (g) 

Field 
Density 
(t/m3) 

P2  0.5  21.3  ‐18.4  13.1  5.6  75  366  539.71  1.475 
P2  1.1  12.7  ‐21  9.2  2.5  67  326.96  313.63  0.959 
P2  1.7  8.1  ‐19  17.3  11.1  62  302.56  470.9  1.556 
P2  2.5  19.6  ‐17.4  16.9  8.9  80  390.4  544.02  1.393 
P2  3.8  14.8  ‐16.3  14.5  8.8  57  278.16  401.68  1.444 

 

Table 21: Field Density Calculations, Trial Pit 3 

Trial 
Pit ID 

Depth 
(m) 

Water 
Temp 
(oC) 

Air 
Temp 
(oC) 

Initial 
Reading 
(cm) 

Final 
Reading 
(cm) 

Change 
in 

Reading 
(mm) 

Volume 
(cm3) 

Wet Sample 
from DM 
test (g) 

Field 
Density 
(t/m3) 

P3  0.5  19.9  ‐10  13.3  6.4  69  336.72  434.09  1.289 
P3  1.2  21.4  ‐22  16.6  11.7  49  239.12  455.65  1.906 
P3  1.6  10.7  ‐8.4  19.8  10.9  89  434.32  625.75  1.441 
P3  2.1  9.1  ‐15  14.5  8.7  58  283.04  417.83  1.476 
P3  2.7  13  ‐20  16.7  ‐   167  814.96  562.85  0.691 
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Appendix C 

Particle density analysis: Test procedure 

Equipment used: 

1. Pyknometer of about 300 ml capacity. 
2. Weighing balance, with an accuracy of 1/10000th of a gram. 
3. Electric stove 
4. Distilled water 
5. Spoon  

Procedure: 

Step 1 

1. Clean and dry the Pyknometers. Mark each Pyknometer and its lid with similar numbers. 
2. Tightly place their lids and take their masses to the nearest of 0.01g (M1). 
3. Fill the Pyknometers with distilled water to full capacity. Replace the lids and take the 

masses (M2). 
4. Record the temperature of the distilled water. 
5. Calculate the volume of the Pyknometer referring to density of water at the specific recorded 

temperature (Appendix O) using the following relation. 
 

water
Pyknometer

MMVolume 
12   

Step 2 

1. Remove the lids and place about 50g of oven dried soil in the Pyknometers. Tightly replace 
the lid back on the Pyknometers and determine the masses to the nearest of 0.01g (M3). 

2. Remove the lid and add sufficient amount of distilled water to the Pyknometers so as to cover 
the soil samples; or to a level of 3cm above the surface of the soil samples. Replace the lids. 

3. Shake well the contents and put on the electric stove for 10 minutes so as to boil out all 
entrapped air in voids (see figure 20). 

4. Remove the Pyknometers from the stove and add additional distilled water about 75% full. 
5. Let cool the samples and Pyknometers to a temperature below 31oC, for roughly about 4 

hours and more. 
6. Fill the Pyknometers with water completely upto the top. Replace the lids and dry from 

outside, then take their masses to the nearest of 0.01g (M4). 
7. Record the temperature of contents. 
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8. Calculate the mass and volume of solids referring to density of water at the specific recorded 
temperature (Appendix O) using the following relation. 

   




 

water
Pyknometer

MMVolumeMMtySolidDensi 
34

13  

9. Empty the Pyknometers. Clean and wipe them dry and store them back appropriately.  
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Appendix D 

Sieving analysis: Test procedure 
Preparation 
In order to perform the test, a sample of the soil must be obtained from the source. To prepare 
the sample, the soil should be mixed thoroughly and be reduced to a suitable size for testing. The 
total weight of the sample is also required. 
Execution 
A suitable sieve size for the soil should be selected and placed in order of decreasing size, from 
top to bottom, in a mechanical sieve shaker. A pan should be placed underneath the nest of 
sieves to collect the component that passes through the smallest. The entire nest is then agitated, 
and the material whose diameter is smaller than the mesh opening passes through the sieves. 
After the finest component reaches the pan, the amount of material retained in each sieve is then 
weighed. 
Results 
The results are presented in a graph of percent passing versus the sieve size. On the graph the 
sieve size scale is logarithmic. To find the percent of soil passing through each sieve, first find 
the percent retained in each sieve. To do so, the following equation is used, 

100Re% 









Total

Sieve

W

W
tained  

Where: WSieve is the weight of soil on the sieve and WTotal is the total weight of the sample. The 
next step is to find the cumulative percent of component retained in each sieve. To do so, add up 
the total amount of soil that is retained in each sieve and the amount in the previous sieves. The 
cumulative percent passing of the component is found by subtracting the percent retained from 
100%. 

%Cumulative Passing = 100% - %Cumulative Retained. 

The values are then plotted on a graph with cumulative percent passing on the y axis and 
logarithmic sieve size on the x axis.   
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Appendix E 

Sedimentation/Pipette analysis: Test procedure 
Prior preparation tasks 

-Calibration of the Pipette 

-Pre-treating the soil sample (for organic matter content) 

-Weighing the nine numbered glass weighing bottles after drying at 105 oC and cooling in a 
desiccator.  

-Determining the particle density. 

-Using the particle density, determine the sampling time. 

Test Procedure 

1. Select and prepare sample. Use riffling or quartering methods. Appropriate size in our case 
is: 
-Sample after initial riffling = 60g 
-Test specimen (Sandy Soils) = 30g 

2. Determine the initial dry mass of the specimen (mo) to the nearest 0.001g. Sample should be 
oven dried at 105 0C. 

3. Pretreatment for organic matter. Place the soil in a 650ml conical beaker and add 50ml of 
distilled water and boil until the volume is reduced to 40 ml.  

4. Allow to cool and then add 75ml of hydrogen peroxide. 
5. Cover with a cover-glass and allow to stand overnight.  
6. Next morning heat the flask and contents gently. 
7. Agitate and stir more even add more hydrogen peroxide until the oxidation process is 

complete 
8. As soon as frothing has subsided, reduce the volume of liquid to about 50 ml by boiling 

which decomposes any excess hydrogen peroxide. Then allow the mixture to cool. 
9. Next acid treatment is carried out (if required) then the sample is extracted by filtering or by 

means of a centrifuge.  
10. Pretreatment for calcareous matter. Add HCl and a visible reaction would indicate the 

presence of calcareous compounds which could act as cementing agent.  
11. Add more HCl and stir and let stand then check for reaction, add more HCl until reaction 

ceases.  
12. Filtration and drying.  
13. Filter using a Buchner funnel. Wash thoroughly with water if acid treatment is carried out.  
14. Put on evaporating dish and then oven dry at 600 to 650C and weigh thus mp 
15. Centrifuging to effectively recover after a hydrogen peroxide treatment. 
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16. Dispersion if centrifuging is used. Add 100ml of distilled water to the soil in the centrifuge 
bottle. Shake vigorously until all the soil is in suspension. 

17. Add 25ml of standard dispersing solution using a pipette. Then shake for 4 hours or even 
overnight. 

18. Wet sieving. Transfer the soil and suspension to a 63micro meter sieve and wash with 
distilled water until all fine material is washed through the sieve. Amount of water should not 
exceed 150ml. 

19. Take the material on the receiver for Pipette Analysis and dry then weigh the material 
retained on the 63 micro meter sieve. 

Apparatus 

-Pipette 

-Rubber ball (for suction purposes) 

-Two glass cylinders 

-Stirring rod 

-Ultrasonic mixer 

-Thermometer 

Pipette Analysis 

1. Put sample passing 63 micrometer in to the 500ml cylinder. And add distilled water to the 
500ml mark. 

2. Put the cylinder in to a 25 0C bath whose water level reaches the 500ml mark of the 
cylinders. 

3. Add 25ml of dispersant solution into the second cylinder and add distilled water to the 500ml 
mark. Then put in the same constant temperature bath. 

4. Close the cylinders and shake well even stir so that all soil goes into suspension. Then allow 
them to stand in the constant temperature bath until they attain the bath temperature, i.e. for 
around 1hr. 

5. The time each cylinder is put back in to the bath is Zero time(t=0), that is the instant we start 
our timer. 

6. Lower the pipette until it touches the top of the water, then taking reading Ro (mm). Repeat 
for other cylinders, if any. 

7. About 15seconds before a pipette sample is due, lower the pipette steadily to a target depth of 
100mm below the surface using the Ro reading as a reference in a time lap of 10 seconds. No 
turbulence should be caused during this step. 
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8. Open valve and draw a sample at the exact sampling time in about 10 seconds and remove 
the pipette steadily containing the sample in about 10 seconds. 

9. Wash away any sample drawn into an extra bulb in the pipette using distilled water. 
10. Replace the contents of the pipette in to a weighed glass weighing bottle and wash all 

remaining suspension using distilled water. Last drops can be removed from the pipette by 
gently blowing from one end of the pipette. 

11. Put the weighing bottle and contents in an oven at 105 oC until sample is evaporated to 
dryness. 

12. Cool in a desiccator and weigh carefully to the nearest 0.001g 
13. Then determine m1, m2  and m3 by subtracting the mass of empty weighing bottle from the 

mass of the weighing bottle plus sample. 
14. At any convenient time take a pipette sample from the cylinder containing the dispersant and 

replace the contents in to a weighing bottle, dry , cool and weigh accurately, exactly as in the 
case for the soil suspensions. Hence the mass of solid material in the dispersant solution, mr. 

15. Convert pipette values (m1, m2, m3and mr) into an equivalent values (M1, M2, M3and Mr) 
corresponding to 500ml total cylinder volume. 

16. Then calculate the percentage by mass(K1, K2 and K3) of particles smaller than the particle 
diameter corresponding to the three sampling operations, i.e 0.02mm, 0.006mm and 
0.002mm respectively. 
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Rock and soil Abbrevations 
Main 
term 

 Modifier  Layer  

B rock     
Bl boulders bl boulder-bearing   
Br fragmented rock     
Cs suspected contamina-

tion 
cs local contamina-

tion(routine field 
evaluation) 

cs contaminated layer 

Dy dy dy dy-bearing dy dy layer 
F fill, refuse, man-made 

soil 
    

Gr gravel gr gravelly gr gravel layer 
Gy gyttja gy gyttja-bearing gy gyttja layer 
Gy/Le 
 

contact gyttja and clay 
(gyttja above, clay 
below) 

( ) (sa) somewhat, e.g. 
somewhat sandy 

( ) thin layer 

J soil     
Le clay le clayey le clay layer 
Mn till     
BlMn boulder and cobble till     
StMn cobble till     
GrMn gravel till     
SaMn sand till     
SiMn silt till     
LeMn clay till     
Mu humus, topsoil mu humus-bearing mu humus layer 
Sa sand sa sandy sa sand layer 
Si silt si silty si silt layer 
Sk shells sk shell-bearing sk shell layer 
Skgr shell gravel     
Sksa shell sand     
St cobbles st cobble-bearing st cobble layer 
Su sulphide soil su sulphide-bearing su sulphide layer 
T peat   t peat layer 
Tl fibrous peat     
Tm pseudo-fibrous peat     
Th amorphous peat     
Vx plant (wood) remains vx containing plant 

remains 
vx layer of plant remains 

T after main term, e.g. Let and Sit = dry crust of clay and silt 
v varved, e.g. vLe = varved clay (the term should be reserved for glacial deposits) 
 
The modifiers are placed before the main term. If there are several modifiers the name of the fraction which 
gives the soil its most characteristic properties is placed closest to the main term. The further the modifier 
is placed from the main term, the less the importance of the fraction in question. Layer designations are 
placed behind the main term. Example: sisaLesi = silty, sandy clay with silt layers. Mineral soils can be 
divided into the fractions fine, medium and coarse, respectively f, m and g, e.g. Saf = fine sand. 
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Appendix G 

Table 22: Stratigraphy (Bore hole 1, T1) 

Depth (m)  Soil 
0.0‐0.1  My Mossa  Moss vegetation cover
0.1‐1.0  Saf  Fine sand
1.0‐2.0  Saf  Fine sand
2.0‐3.0  Saf  Fine sand
3.0‐3.4  Saf  Fine sand
3.4‐4.4  SafSi  Fine sand and silt
4.4‐4.9  Saf  Fine sand
4.9‐6.0  Sa  Sand
 

Table 23: Stratigraphy (Bore hole 2, T2) 

Depth (m)  Soil 
0.0‐1.0  SaSaf  Sand and fine sand
1.0‐2.0  Saf  Fine sand
2.0‐3.0  grSag  Gravely coarse sand
3.0‐4.0  grSa  Gravely sand
4.0‐5.0  (gr)Sa  Somewhat gravely sand
 

Table 24: Stratigraphy (Bore hole 3, T3) 

Depth (m)  Soil 
0.0‐0.4  Gragig Sand  
0.4‐1.0  Saf  Fine sand
1.0‐2.0  Saf  Fine sand
2.0‐3.0  Saf  Fine sand
3.0‐4.0  Saf  Fine sand
4.0‐5.0  Saf   Fine sand
5.0‐5.6  Saf  Fine sand
5.6‐6.0  (Sag Gr?)  Coarse sand and Gravel
6.0‐7.0  gr Sag  Gravely coarse sand
7.0‐7.8  gr Sag  Gravely coarse sand
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Table 25: Stratigraphy (Bore hole 4, T4) 

Depth (m)  Soil 
0.0‐0.4  MuSa  Sandy humus
0.4‐1.0  Sa  Sand
1.0‐1.6  Sa  Sand
1.6‐2.0  grSa  gravely sand
2.0‐3.0  SaGr  Sandy gravel
3.0‐4.0  (Sa)Gr  Somewhat sandy gravel
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Appendix	H	

Water	content	analysis	(Trial	Pits)	

Table 26: Water Content Calculations, Trial Pit 1 
Pit Depth Big 

PlBag 
Samples 

(g) 

Plastic 
Bag 

Platic Bag 
+Wet 

Sample+Seal 
(g) 

Gross 
Wet 

Sample 
from DM 

test (g) 

Aluminum 
Container 

(g) 

Wet 
Wt 

+Cont 
(g) 

Dry Wt 
+Cont 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

P1 0.5 4450.19 10 414.62 404.38 0.9017 59.1011 56.2994 5.1
P1 1 3161.04 10 456.02 445.78 0.8949 68.781 61.8267 11.4
P1 1.5 1722.48 10 305.14 294.9 0.8933 58.1979 51.354 13.6
P1 2 1236.39 10 414.64 404.4 0.9031 98.4771 78.9648 25.0
P1 2.9 3458.13 14.39 427.23 412.596 0.8969 81.619 63.3682 29.2

 

Table 27: Water Content Calculations, Trial Pit 2 
Pit Depth Big 

PlBag 
Samples 

(g) 

Plastic 
Bag 

Platic Bag 
+Wet 

Sample+Seal 
(g) 

Gross 
Wet 

Sample 
from DM 

test (g) 

Aluminum 
Container 

(g) 

Wet 
Wt 

+Cont 
(g) 

Dry Wt 
+Cont 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

P2 0.5 1591.24 10 549.95 539.71 0.8996 73.2322 67.9725 7.8
P2 1.1 1422.86 10 323.87 313.63 0.8978 63.255 60.4985 4.6
P2 1.7 2161.82 10 481.14 470.9 0.8985 67.9478 58.2988 16.8
P2 2.5 2566.93 10 554.26 544.02 0.8977 76.4281 74.2768 2.9
P2 3.8 3651.55 10 411.92 401.68 0.8945 65.8615 64.7199 1.8

 

Table 28: Water Content Calculations, Trial Pit 3 
Pit Depth Big 

PlBag 
Samples 

(g) 

Plastic 
Bag 

Platic Bag 
+Wet 

Sample+Seal 
(g) 

Gross 
Wet 

Sample 
from DM 

test (g) 

Aluminum 
Container 

(g) 

Wet 
Wt 

+Cont 
(g) 

Dry Wt 
+Cont 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

P3 0.5 1910.3 10 444.33 434.09 0.8992 68.9851 63.8945 8.1
P3 1.2 1606.36 10 465.89 455.65 0.8934 55.0525 51.2269 7.6
P3 1.6 2383.07 10 635.99 625.75 0.9029 69.3832 63.5315 9.3
P3 2.1 2616.34 10 428.07 417.83 0.8984 72.6278 63.8684 13.9
P3 2.7 1854.84 10 573.09 562.85 0.8962 68.5148 64.1836 6.8
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Appendix	I	

Water	content	analysis	(Auger	samples)	

Table 29: Water Content Calculations, Borehole 1 
Bore 
Hole 

Sample 
Nr 

Depth 
Range 

(m) 

Wet 
Sample+Plastic 

Bag (g) 

Mass 
of 

Plastic 
Bag 
(g) 

Wet 
Sample 

(g) 

Wet 
Sample 
(minus 

container 
mass) (g) 

Dry 
Sample+Al 
Container 

(g) 

Mass 
(Solid) 

(g) 

Mass 
(Liquid) 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

T1 1 0- 1 669.31 10.00 659.31 81.93 71.17 70.28 11.65 16.6
T1 2 1- 2 1069.48 10.00 1059.48 69.58 64.34 63.44 6.14 9.7
T1 3 2- 3 1260.08 10.00 1250.08 87.76 76.42 75.53 12.23 16.2
T1 4 3- 3.4 599.41 10.00 589.41 64.63 55.94 55.05 9.58 17.4
T1 5 3.4- 4.4 1146.43 10.00 1136.43 87.52 70.80 69.90 17.62 25.2
T1 6 4.4- 4.9 694.96 10.00 684.96 75.64 60.54 59.64 16.00 26.8
T1 7 4.9- 6 1396.74 10.00 1386.74 75.24 64.11 63.23 12.01 19.0

 

Table 30: Water Content Calculations, Borehole 2 
Bore 
Hole 

Sample 
Nr 

Depth 
Range 

(m) 

Wet 
Sample+Plastic 

Bag (g) 

Mass 
of 

Plastic 
Bag 
(g) 

Wet 
Sample 

(g) 

Wet 
Sample 
(minus 

container 
mass) (g) 

Dry 
Sample+Al 
Container 

(g) 

Mass 
(Solid) 

(g) 

Mass 
(Liquid) 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

T2 1 0- 1 687.81 10.00 677.81 64.10 62.69 61.80 2.30 3.7
T2 2 1- 2 775.03 10.00 765.03 63.90 58.88 57.99 5.90 10.2
T2 3 2- 3 923.07 10.00 913.07 92.73 92.20 91.31 1.43 1.6
T2 4 3- 4 1197.01 10.00 1187.01 75.55 74.42 73.52 2.02 2.8
T2 5 4- 5 1441.52 10.00 1431.52 72.49 71.49 70.59 1.90 2.7
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Table 31: Water Content Calculations, Borehole 3 
Bore 
Hole 

Sample 
Nr 

Depth 
(m) 

Wet 
Sample+Plastic 

Bag (g) 

Mass 
of 

Plastic 
Bag 
(g) 

Wet 
Sample 

(g) 

Wet 
Sample 
(minus 

container 
mass) (g) 

Dry 
Sample+Al 
Container 

(g) 

Mass 
(Solid) 

(g) 

Mass 
(Liquid) 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

T3 2 1- 2 1087.82 10.00 1077.82 62.91 59.75 58.85 4.06 6.9
T3 3 2- 3 1089.01 10.00 1079.01 64.48 59.17 58.27 6.21 10.7
T3 4 3- 4 933.90 10.00 923.90 63.47 59.41 58.52 4.95 8.5
T3 5 4- 5 995.53 10.00 985.53 68.61 63.58 62.69 5.92 9.4
T3 6 5- 5.6 495.08 10.00 485.08 61.41 59.60 58.71 2.70 4.6
T3 7 5.6- 6 926.79 10.00 916.79 91.97 89.35 88.45 3.52 4.0
T3 8 6- 7 1437.11 10.00 1427.11 70.46 69.40 68.50 1.96 2.9
T3 9 7- 7.8 1160.36 10.00 1150.36 73.66 70.90 70.00 3.67 5.2

 

Table 32: Water Content Calculations, Borehole 4 
Bore 
Hole 

Sample 
Nr 

Depth 
(m) 

Wet 
Sample+Plastic 

Bag (g) 

Mass 
of 

Plastic 
Bag 
(g) 

Wet 
Sample 

(g) 

Wet 
Sample 
(minus 

container 
mass) (g) 

Dry 
Sample+Al 
Container 

(g) 

Mass 
(Solid) 

(g) 

Mass 
(Liquid) 

(g) 

Water 
Content 
(Mw/Ms) 

(%) 

T4 1 0.4- 1 561.21 10.00 551.21 69.03 67.35 66.45 2.58 3.9
T4 2 1- 1.6 645.91 10.00 635.91 84.71 76.41 75.52 9.20 12.2
T4 3 1.6- 2 1014.76 10.00 1004.76 84.30 76.08 75.19 9.11 12.1
T4 4 3- 4 1757.61 10.00 1747.61 88.17 78.05 77.16 11.01 14.3
T4 5 2- 3 1639.70 10.00 1629.70 82.28 75.22 74.33 7.95 10.7
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Appendix J 
Particle Density (Auger Samples) 

Table 33: Particle Density Calculations, Test on Auger Samples Batch 1 

Bore 
hole 
ID 

Sample 
No  

Pyknometer 
Volume  
(ml) 

Cylin 
+Lid+ 
Dry 

sample 
(g) 

Cylin+ 
Lid+ 

Sample
+Dist. 
Water 
(g) 

Temp. 
(oC) 

Mass 
of 

Only 
the 
Dist. 
Water 

Volume of 
the Dist. 
Water at 

that specific 
Temp.     
(ml) 

Mass 
of 

Solids 
(g) 

Volume 
of  

Solids 
(ml) 

Particle 
Density 
(t/m3)  

T1  6  296.87  275.27  550.61  23.6  275.34  276.0594  56.76  20.8100  2.73 
T2  4  297.48  268.07  545.74  23.4  277.67  278.3821  51.04  19.0978  2.67 
T3  8  299.30  271.69  551.04  23.3  279.35  280.0596  51.7  19.2377  2.69 
T4  5  287.08  259.31  525.88  23.2  266.57  267.2407  53.01  19.8369  2.67 

 

Table 34: Particle Density Calculations, Test on Auger Samples Batch 2 

Bore 
hole 
ID 

Sample 
No  

Pyknometer 
Volume  
(ml) 

Cylin 
+Lid+ 
Dry 

sample 
(g) 

Cylin+ 
Lid+ 

Sample
+Dist. 
Water 
(g) 

Temp. 
(oC) 

Mass 
of  

Only 
the 
Dist. 
Water 

Volume of 
the Dist. 
Water at 

that specific 
Temp.      
(ml) 

Mass 
of 

Solids 
(g) 

Volume 
of 

Solids 
(ml) 

Particle 
Density 
(t/m3) 

T1  6  296.77  270.65  547.05  30.1  276.4  277.6170  52.18  19.1578  2.72 
T2  4  297.33  268.37  545.34  29.4  276.97  278.1309  51.39  19.1953  2.68 
T3  8  299.00  271.03  549.97  28.8  278.94  280.0596  51.09  18.9408  2.70 
T4  5  286.95  258.32  524.88  28.6  266.56  267.6144  52.09  19.3358  2.69 

 

Table 35: Particle Density Calculations, Test on Auger Samples: Average Particle Density Values 

Bore 
hole ID 

Sample 
No  

Batch 1  Batch 2  Average Particle Density 
(t/m3) 

T1  6  2.73  2.72  2.73 
T2  4  2.67  2.68  2.67 
T3  8  2.69  2.70  2.69 
T4  5  2.67  2.69  2.68 
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Appendix K 
Table 36: a)Parameter calculations for hydraulic conductivity formulas in table 9 (initial stage) 

P1   0.5m P1   1.0m P1   1.5m P1   2.0m P1   2.9m 

fi Dav i fi/Dav 

i 
fi Dav i fi/Dav 

i 
fi Dav i fi/Dav 

i 
fi Dav i fi/Dav i fi Dav i fi/Dav 

i 
0.000 14.97 0.000 0.000 14.97 0.000 0.000 14.97 0.000 0.000 14.97 0.000 0.000 14.97 0.000 

0.000 7.920 0.000 0.017 7.920 0.002 0.008 7.920 0.001 0.006 7.920 0.001 0.000 7.920 0.000 
0.004 3.347 0.001 0.022 3.347 0.007 0.038 3.347 0.011 0.013 3.347 0.004 0.001 3.347 0.000 
0.018 1.414 0.012 0.018 1.414 0.013 0.031 1.414 0.022 0.009 1.414 0.006 0.002 1.414 0.002 
0.044 0.707 0.062 0.022 0.707 0.030 0.021 0.707 0.029 0.004 0.707 0.006 0.003 0.707 0.004 
0.097 0.354 0.274 0.037 0.354 0.104 0.015 0.354 0.042 0.004 0.354 0.011 0.002 0.354 0.007 
0.057 0.177 0.321 0.050 0.177 0.281 0.040 0.177 0.224 0.021 0.177 0.122 0.004 0.177 0.020 
0.613 0.089 6.911 0.491 0.089 5.531 0.294 0.089 3.311 0.076 0.089 0.853 0.020 0.089 0.220 
0.116 0.047 2.480 0.180 0.047 3.811 0.192 0.047 4.071 0.223 0.041 5.395 0.218 0.046 4.702 
0.027 0.026 1.035 0.072 0.026 2.728 0.113 0.027 4.261 0.181 0.023 7.795 0.384 0.026 14.74 
0.009 0.014 0.627 0.019 0.014 1.344 0.094 0.014 6.720 0.353 0.013 27.73 0.291 0.014 20.64 
0.006 0.008 0.829 0.022 0.008 2.754 0.072 0.008 9.542 0.045 0.007 6.606 0.033 0.008 4.285 
0.005 0.005 1.089 0.037 0.005 7.967 0.056 0.004 12.88 0.037 0.004 8.468 0.031 0.005 6.777 
0.003 0.003 0.973 0.015 0.003 5.469 0.026 0.002 10.72 0.005 0.002 1.924 0.010 0.003 3.877 
0.00 0.002 0.144 1.000 ∑fi/Davi 30.04 1.000 ∑fi/Davi 51.84 0.019 0.001 13.53 1.000 ∑fi/Davi 55.27 

0.00 0.002 0.101  Deff 3.329  Deff 1.929 0.002 0.001 3.066  Deff 1.809 

0.001 0.001 0.672       0.002 0.000 3.423    
1.000 ∑fi/Davi 15.53       1.000 ∑fi/Davi 78.95    

 Deff 6.439        Deff 1.267    
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Table 37: b) Parameter calculations for hydraulic conductivity formulas in table 9 (final stage) 
          Hydraulic conductivity 'k' (m/s) 
  e 

(-) 
D10 

(mm) 
Deff 

(mm) 
So 

(1/mm) 
Hazen 

formula by 
(Fell, et al. 

2005) 

Hazen formula 
by (Chapuis 

1992) 

Kozeny-Carman 
formula by 

(Mitchell and 
Soga 2005, 

Carrier 2003) 
P1 0.5m 0.801858 0.047 6.439 0.932 2.2E-05 8.4E-04 6.5E-03
P1 1.0m 1.110389 0.022 3.329 1.802 4.6E-06 8.7E-04 4.0E-03
P1 1.5m 1.024344 0.007 1.929 3.110 4.5E-07 3.0E-04 1.1E-03

P1 2.0m 1.047582 0.008 1.267 4.737 5.8E-07 3.4E-04 5.0E-04

P1 2.9m 1.104714 0.011 1.809 3.316 1.2E-06 5.1E-04 1.2E-03

 

 



XXXIV	
	

 

 

 

 

 

 

 

 

 

 

 

Appendix L 

  



XXXV	
	

Appendix	L	

Gradation	Analysis	

Table 38: Gradation Analysis, Trial Pit 1 
P1   0.5m P1   1.0m P1   1.5m P1   2.0m P1   2.9m 

Particl
e Size 
(mm) 

C
um

m
ul

at
iv

e 
Pe

rc
en

ta
ge

 
Pa

ss
in

g 

 

Particl
e Size 
(mm) 

C
um

m
ul

at
iv

e 
Pe

rc
en

ta
ge

 
Pa

ss
in

g 
 

Particl
e Size 
(mm) 

C
um

m
ul

at
iv

e 
Pe

rc
en

ta
ge

 
Pa

ss
in

g Particl
e Size 
(mm) 

C
um

m
ul

at
iv

e 
Pe

rc
en

ta
ge

 
Pa

ss
in

g Particl
e Size 
(mm) 

C
um

m
ul

at
iv

e 
Pe

rc
en

ta
ge

 
Pa

ss
in

g 

20 100.00 20 100.00 20 100.00 20 100.00 20 100.00 
11.2 100.00 11.2 100.00 11.2 100.00 11.2 100.00 11.2 100.00 
5.6 100.00 5.6 98.33 5.6 99.18 5.6 99.43 5.6 100.00 
2 99.58 2 96.08 2 95.37 2 98.15 2 99.86 
1 97.82 1 94.25 1 92.29 1 97.28 1 99.62 

0.5 93.43 0.5 92.10 0.5 90.23 0.5 96.88 0.5 99.36 
0.25 83.75 0.25 88.41 0.25 88.72 0.25 96.50 0.25 99.13 
0.125 78.08 0.125 83.45 0.125 84.76 0.125 94.35 0.125 98.78 
0.063 16.76 0.063 34.37 0.063 55.38 0.063 86.78 0.063 96.83 
0.035 5.13 0.035 16.38 0.035 36.14 0.027 64.51 0.034 74.98 
0.02 2.43 0.02 9.18 0.02 24.81 0.02 46.37 0.02 36.59 
0.01 1.56 0.01 7.28 0.01 15.43 0.008 11.03 0.01 7.48 
0.006 0.91 0.006 5.13 0.006 8.26 0.006 6.48 0.006 4.15 
0.004 0.40 0.004 1.45 0.003 2.64 0.003 2.78 0.004 1.03 
0.002 0.14 0.002 0.00 0.002 0.00 0.002 2.32 0.002 0.00 

0.002 0.12 0.095 D60 0.073 D60 0.0011 0.41 0.029 D60 

0.002 0.09 0.022 D10 0.007 D10 0.0006 0.16 0.011 D10 

0.001 0.00 4.4 Cu  10.1 Cu  0.0004 0.00 2.6 Cu  

0.107 D60 0.083 D50 0.055 D50 0.025 D60 0.025 D50 

0.047 D10 0.164 D85 0.132 D85 0.008 D10 0.047 D85 

2.3 Cu  0.032 D15 0.010 D15 3.3 Cu  0.013 D15 

0.097 D50 0.075 D44 0.075 D61 0.021 D50 0.075 D97 

0.282 D85 0.060 D85 

0.059 D15 0.009 D15 

0.075 D29 0.075 D88 
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Table 39: Gradation Analysis (Auger Hole T3 8) 

Particle 
Size 
(mm) 

Cummulative 
Percentage 

Passing         

20.00 95.34 

 

11.20 84.88 
5.60 75.63 
2.000 63.484 
1.000 46.607 
0.50 25.25 
0.25 13.31 
0.125 11.70 
0.063 3.50 SAND 
0.036 1.62 SILT 
0.021 1.17 
0.010 0.69 
0.006 0.43 

0.0035 0.24 
0.002 0.14 
0.002 0.10 
0.001 0.00 
X 50 1.2 

 

 

  

Figure	33:G radation	Analysis	(Auger	Hole	T3	8)
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Appendix	M	

 Indicative	hydraulic	conductivity	values	for	some	soil	types	
Table 40: Indicative hydraulic conductivities of some soil types modified after Brassington (1988) (Brassington 1988) 

Rock Type Grain size 
(mm) 

Hydraulic 
Conductivity k 

(m/d) 

Hydraulic 
Conductivity k 

(modified to m/s) 
Clay 0.0005-0.002 10-8-10-2 1.2×10-12-1.2×10-6 
Silt 0.002-0.06 10-2 - 1 1.2×10-6 - 1.2×10-5  

Fine Sand 0.06 -0.25 1-5 1.2×10-5 -5.8×10-5  
Medium Sand 0.25-0.50 5-20 5.8×10-5 -2.3×10-4  
Coarse Sand 0.50-2 20-100 2.3×10-4 -1.2×10-3  

Gravel 2-64 100-1000 1.2×10-3 -1.2×10-2  
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Appendix N 
Particle Density (Trial Pits) 

Table 41: Particle Density Calculations, Test on Trial Pit 1 Samples 

Trial  
Pit ID 

Sample  
Depth 
(m) 

Pyknometer 
Volume  
(ml) 

Cylin+Lid
+ Dry 
sample 
(g) 

Cylin+Lid
+Sample+

Dist. 
Water (g) 

Temp. 
(oC) 

Mass of 
Only the 
Dist. 
Water 

Volume of 
the Dist. 
Water at 

that specific 
Temp. (ml) 

Mass 
of 

Solids
(g) 

Volume 
of Solids 
(ml) 

Particle 
Density 
(t/m3) 

P1       0.5  297.59  259.75  540.25  25.1  280.5  281.3389  44.11  16.24836 2.71 
P1  1.0  296.75  267.46  545.31  25.3  277.85  278.6952  49.01  18.05011 2.72 
P1  1.5  297.34  269.88  546.9  25.4  277.02  277.8700  52.92  19.46673 2.72 
P1  2.0  298.96  270.55  550.16  25.3  279.61  280.4606  50.63  18.4998  2.74 
P1  2.9  286.92  260.28  526.67  24.9  266.39  267.1730  54.06  19.74654 2.74 

 

Table 42: Particle Density Calculations, Test on Trial Pit 2 Samples 

Trial 
Pit ID 

Sample  
Depth 
(m) 

Pyknometer 
Volume  
(ml) 

Cylin+Lid
+ Dry 
sample 
(g) 

Cylin+Lid
+Sample+

Dist. 
Water (g) 

Temp. 
(oC) 

Mass of 
Only 

the Dist. 
Water 

Volume of 
the Dist. 
Water at 

that specific 
Temp. (ml) 

Mass 
of 

Solids 
(g) 

Volume 
of Solids 
(ml) 

Particle 
Density 
(t/m3) 

P2  0.5  297.66  269.42  546.29  26.1  276.87  277.7710  53.88  19.89176 2.71 
P2  1.2  296.75  268.06  545.68  26.3  277.62  278.5383  49.61  18.20705 2.72 
P2  1.7  297.34  266.66  544.67  26.1  278.01  278.9147  49.7  18.42194 2.70 
P2  2.6  298.96  269.64  549.05  27.7  279.41  280.4428  49.72  18.51756 2.69 
P2  3.7  286.92  256.93  523.98  26.6  267.05  267.9554  50.71  18.96421 2.67 

 

Table 43: Particle Density Calculations, Test on Trial Pit 3 Samples 

Trial 
Pit ID 

Sample  
Depth 
(m) 

Pyknometer 
Volume  
(ml) 

Cylin+Lid
+ Dry 
sample 
(g) 

Cylin+Lid
+Sample+

Dist. 
Water (g) 

Temp. 
(oC) 

Mass of 
Only 

the Dist. 
Water 

Volume of 
the Dist. 
Water at 

that specific 
Temp. (ml) 

Mass 
of 

Solids 
(g) 

Volume 
of Solids 
(ml) 

Particle 
Density 
(t/m3) 

P3  0.5  297.66  270.6  547.06  27  276.46  277.4276  55.06  20.23518  2.72 
P3  1.0  296.75  272.79  548.91  22.9  276.12  276.7951  54.34  19.95261  2.72 
P3  1.6  297.30  268.66  546.03  26.2  277.37  278.2802  51.69  19.0217  2.72 
P3  2.0  285.64  259.27  525.01  22.8  265.74  266.3833  52.33  19.25335  2.72 
P3  2.7  298.95  270.37  549.77  26.9  279.4  280.3700  50.44  18.57592  2.72 
P3  3.3  286.91  257.79  524.77  26  266.98  267.8416  51.58  19.06813  2.71 
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