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Abstract 
 
Hydraulic conductivity is one of key parameters needed in wetland hydrogeological and landform 
development models such as greenhouse gas models. It also helps in determining nutrient transport 
and runoff characteristics in peatlands and is an important factor with regards to water table 
management as a means of checking peat mineralisation. However, the complex nature of peat soils 
makes estimation of hydraulic conductivity in peat soils a difficult task since most of the theories 
associated with hydraulic conductivity measurements were developed using mineral soils. 
 
This study was done with the aim of evaluating different methods of measuring hydraulic conductivity 
in drained peat soils and establishing the most suitable method among the methods evaluated. All the 
sites used in the study were all drained peatlands with different land uses (agriculture, forestry, and 
peat harvesting). 
 
Three different methods of measuring hydraulic conductivity which have been applied in previous 
studies were evaluated based on their consistency in replicating results and the closeness of the 
hydraulic conductivity values they produced to the hydraulic conductivity values predicted using 
DRAINMOD model of the groundwater table in one of the site (peat harvesting site). The 
DRAINMOD simulation produced an acceptable agreement between the calibration model and the 
validation model with coefficient of determination (R2) of 0.79 for the calibration model and 0.74 for 
the validation model. The coefficient of efficiency achieved in both models falls within the acceptable 
range (>0.4 to >0.75) for validation of model. 
 
The hydraulic conductivity values achieved with the two in-situ methods used fall within 10 – 7 to 10 – 

9 m/s at both layers studied while the laboratory method produced values within the range of 10 – 9 to 
10 – 10 m/s at the top layer and 10 – 10 to 10 – 11 m/s at the lower layer. Comparing the results with the 
model predicted values of hydraulic conductivity (10 – 6 m/s in both layers), the laboratory method 
yielded the highest deviation from the modelled value compared to the two in-situ methods while the 
slug test method produced the least deviation and the closest range of hydraulic conductivity values 
(10 – 7 to 10 – 8 m/s) to the modelled value. 
  
The closeness of the range of hydraulic conductivity values obtained using the in-situ methods to the 
model predicted values of hydraulic conductivity suggests that the in-situ methods presents the best 
option when it comes to measuring hydraulic conductivity in peat soils. 
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Abbreviations 

CO2 = Carbon (IV) Oxide 

H1...3... = Von Post degree of humification 

K = Hydraulic conductivity 

N2O = Nitrous Oxide 

Qin = inflow discharge 

Qout = outflow discharge 

E = evapotranspiration 

P = precipitation 

A/a = cross-sectional area 

q = Darcy’s flow velocity or specific discharge 

n = porosity 

e = void ratio 

Vv = volume of voids in soil 

Vs = volume of solids in soil 

VT = total volume of soil 

Ksat = saturated hydraulic conductivity 

γw = unit weight of water/fluid 

μ = viscosity 

∆h = change in head 

∆s = change in storage 

∆t = change in time 

H/h/y = head 

D/d = diameter 

L = length 

Min = minimum 

Max = maximum 

Med. = median 

Avg. = average 

STD = standard deviation 

Var. = variance 
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Dimensions of Measurements 

L = Unit of length (meter, centimeter, millimeter etc.) 

M = Unit of mass (kilogram, gram, milligram etc.) 

T = Unit of time (day, hour, minute, second etc.) 
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1. Introduction 

The knowledge of hydraulic properties of soils such as hydraulic conductivity is very 

important in many applications dealing with environmental studies. For instance, it is a 

key parameter in diagnosing the potential for widespread groundwater contamination by 

pollutants, and is the basis for design of drainage and irrigation systems. Hydraulic 

property of materials is also needed in septic system design, landfill design and 

retention pond construction. 

Peat soils, as an organic soil, play an important role in water resource management by 

providing water quality protection in catchments through filtration of pollutants such as 

sediments, nutrients, organic and inorganic matter and bacteria. They also provide 

natural water retention and help provide protection against floods. However, drained 

peatlands, especially the cultivated ones, are a significant source of CO2 and N2O 

emissions in Nordic countries (Strack 2008, 10). Increase in aerobic conditions created 

in the peat soil after such drainage causes significant increase in peat oxidation relative 

to its saturated soil moisture conditions which vary with the soil water retention 

characteristics. Under hydrodynamic conditions, these water retention characteristics of 

peats changes with time variable boundaries such as water table position and 

evaporation (Kechavarzi et al. 2010, 196). Owing to this, knowing the hydraulic 

properties of these peatlands is an important step in determining their hydrodynamic 

functions in relation to the natural and/or anthropogenic constraints which are applied 

(Angulo-Jaramillo et al. 2000, 2).    

Hydraulic conductivity is a key parameter needed in wetland hydrogeological and 

landform development models (Holden and Burt 2003) such as greenhouse gas models. 

It also helps in determining nutrient transport and runoff characteristics in peatlands and 

is an important factor with regards to water table management as a means of controlling 

peat mineralisation (Kechavarzi et al. 2010, 196). However, the complex nature of peat 

soils makes estimation of hydraulic conductivity in peat soils a difficult task.  
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Measuring hydraulic conductivity in mineral soils present little challenges because, a lot 

of known theories, methods and instruments developed for studying hydraulic 

conductivity of soils were done using mineral soils. However, this case could not be 

said for peat soils. In fact, it wasn’t until around 16
th

 century that the first known use of 

peatland for commercial purpose was recorded (Paavilainen and Päivänen 1995, 15). 

Measuring hydraulic conductivity in peat soils has always being a difficult task since 

known theories regarding hydraulic conductivity measurements in mineral soils cannot 

readily be applied to peat soils. Some of the studies that have been done on hydraulic 

conductivity of peat soils such as Päivänen (1973), Holden and Burt (2003), Hogan et 

al. (2006), Deb and Shukla (2012), Lewis et al. (2012) and Ronkanen and Kløve (2005) 

have produced wide range of results even within the same peatland. These wide 

variations in results from these studies make it uneasy to justify any one of the various 

methods that have been employed in these studies as best representing the real case in 

peat soils. Though these variations have been much attributed to the properties of peat 

soils, the consistency and suitability of the methods used in the measurements have not 

been deeply studied. 

The uncertainties involved in the determination of hydraulic conductivity in peat soils 

makes it impossible to justify certain method over another without proper comparison 

of the results from each method based on a referenced value which have being proven to 

be a close representation of the real situation. Therefore, to be able to present a good 

platform for comparison of these methods, one needs a modelling tool that incorporates 

hydraulic conductivity as one of the manipulated variables. Using such tool to model an 

observed real life situation provides set of hydraulic conductivity values on which the 

results from each method could be compared. In this study, DRAINMOD 6.1 was 

employed as such tool. 

This study is part of the MYRKLIMA (Mitigation of climate change impacts of 

cultivated peat soils) project, which is being executed in collaboration with University 

of Oulu, University of Eastern Finland, Aarhus University, Agricultural University of 

Iceland, Swedish University of Agricultural Sciences and Bioforsk.  
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The aim of the study is to make a sound evaluation of three different methods of 

measuring hydraulic conductivity that have been widely applied in peatlands and to 

determine their suitability on peat soils. To be able to have a good comparison of the 

results produced from these methods, the DRAINMOD 6.1 modelling tool was used to 

simulate the ground water table in one of the study sites (peat harvesting site). Based on 

the predicted hydraulic conductivity of peat layers in the site, the hydraulic conductivity 

values produced by each of the three methods used in this study were evaluated. 
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2. Peatlands  

Understanding the hydrodynamic functions of peatlands requires a thorough knowledge 

of the structural make up and physical parameters of peat soils which play important 

role in water movement within peatlands.  To be well acquainted with these physical 

parameters and how each of them affects the hydrodynamic functions of peatlands, one 

needs to have an understanding of the genesis of peat and its land forms, types and uses, 

its hydrology and ecology as well as chemical and biological processes that transpire 

within it.   

Peat as a substance is defined as organic matter derived from vegetation having 25% or 

less inorganic matter on a dry mass basis and typically consists of more or less 

fragmented plant residues sequentially deposited, which distinguishes it from organic 

aquatic sediments (Paavilainen and Päivänen 1995, 1). It is a biogenic material which 

when saturated consists of about 90 to 95% water and about 5 to 10% solid materials 

with the organic contents of the solid fraction being up to 95% (Warburton et al. 2004).  

Peat is different from other organic soils due to the nature of its components which 

include: organic matter contents which are in an organised state of preservation making 

them identifiable; organic matter content which has undergone considerable breakdown 

but in which cell structure is still visible and normally not recognisable to any degree; 

organic matter content which has been degraded below the cellular level, composing 

what might be termed ‘humus’ and often forming a peat matrix; and inorganic matter, 

either derived from dust or inwash, or from the cells of some plants, e.g. silica 

phytoliths from grasses or diatom frustules (Moore and Bellamy 1974,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

135). The composition of these components varies considerable from one peat sample to 

another since they depend on some factors within the peat soil which include the nature 

of the parent material, the rate of humification of the peat and the rate of breakdown in 

the aerobic layers within the peat soil. Peat parent materials, which are geological 

deposits over which a peat develops, can be classified as sedimentary, fibrous or woody 

depending on the material makeup.  
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The sedimentary peat is made up of mixture of water lilies, pond weeds and planktons. 

It accumulates in deep water and is found well down in the peat profile or sometimes 

mixed with other layers higher in the profile. It holds up to 5 times its weight in water 

and dries out slowly and irreversible with the dried sedimentary peat remaining hard 

and lumpy. The fibrous peat composes of mainly mosses, reeds, sphagnum and sedges. 

It has a high water holding capacity and lies above the sedimentary layer or may be 

layered with the sedimentary peat. With varying degree of decomposition, it appears 

fibrous in nature with the reeds giving it a coarse texture. The woody peat is mainly 

found on the surface. It composes of mainly remains of deciduous and coniferous trees, 

roots and shrubs. It is of loose and open texture and has the lowest water holding 

capacity among the three categories of parent materials (Cowan 2012, n.d). 

Though there have been several ways which peat have been classified in the past such 

as the one based on the parent material as discussed above, the classification proposed 

by the international peat society in 1979 is based on botanical composition of the peat, 

degree of decomposition of the peat and trophic status of the peat (Paavilainen and 

Päivänen 1995, 53).  

Based on the botanical composition of the peat material, three peat types are classified: 

 Sphagnum peat (S) – composed predominantly of the remains of sphagnum and 

other mosses; 

 Carex peat (C) – composed predominantly of the remains of sedges (Carex), grasses 

(Molinia, Phragmites), herbs (Dryopteris, Equisetum) and related species; 

 Woody peat (L) – composed of at least one third tree and woody schrub remains. 

Based on the degree of decomposition of the peat, three types of peat are classified: 

 Weakly decomposed peat – humification degree H = 1 – 3 

 Medium decomposed peat – humification degree H = 4 – 6 

 Strongly decomposed peat – humification degree H = 7 – 10 
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Based on the trophic status of the peat, three types of peat are classified as follows: 

 Oligotrophic 

 Mesotrophic 

 Eutrophic  

The latter two classifications systems are regarded as a mixture of the botanical 

classifications (see Paavilainen and Päivänen 1995, 53). 

2.1 Peat landforms 

Peatlands or mires are peat accumulating wetland ecosystem which are generally water 

logged and mainly occur in the boreal and sub-arctic zones (Zhaojun et al. 2011, 157). 

They cover an approximate area of 400 million ha, equivalent to 3% of the earth’s land 

surface with about 350 million ha of them covering large areas in north America, 

Europe and Russia (Strack 2008, 9). The remaining 50 million ha (approx.) occur in the 

tropical regions; in mainland East Asia, Southeast Asia, the Caribbean and Central 

America, South America and Southern Africa (see figure 1 and tables 1 and 2).  

 

Figure 1. Global distribution of Peatlands (modified after Charman 2002, 17). 
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Table 1. World Distribution of Peatland (modified after Paavilainen and Päivänen 1995, 

11-13). 

S/N Region and Country Peatland Area(ha) % of Peat Resources 

 Nordic Countries   

1 Finland 10,400,000 31 

2 Sweden 8,392,000 20 

3 Norway 3,000,000 9 

4 Denmark 60,000  

5 Iceland 1,030,000  

 Baltic Countries   

6 Estonia 907,000 21 

7 Latvia 1,140,000 17 

8 Lithuania 606,000 9 

 

Central and South 

Europe   

9 Poland 1,300,000  

10 Germany 1,660,000  

11 Czech Republic 31,000  

12 Switzerland 55,000  

13 Austria 22,000  

13 The Netherlands 15,000  

14 Belgium 18,000  

15 France 40,000  

16 Hungary 100,000  

17 Romania 7,000  

18 Yugoslavia (former) 100,000  

19 Bulgaria 1,000  

20 Greece 5,000  

21 Spain 6,000  

22 Israel 5,000  

23 Italy 120,000  

24 United Kingdom   

 England  362,000   

 Scotland  821,000 1,509,000 6 

 Wales  159,000   

 

Northern Ireland  

167,000   

25 Republic of Ireland 1,176,000  
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Table 1 (contd). World Distribution of Peatland (modified after Paavilainen and 

Päivänen 1995, 11-13).  

S/N Region and Country Peatland Area(ha) % of Peat Resources 

 Eastern Eurasia   

26 CIS (former USSR) 

“Excessively moist 

forests and peatlands” 

245,000,000 

 

27 China 3,500,000  

28 Japan 200,000  

 North America   

29 Canada 111,327,000 19 

30 USA 17,387,000  

 Tropical Peatlands   

31 Africa 3,312,000 

 32 Asia 34,002,000 

 33 Central America 2,546,000  

34 South America 3,977,000  

 

 

Like other wetland landscapes, peatlands have distinguishing features which set them 

apart from non-wetland landscapes. These features include: presence of water at or near 

the land surface, unique soil conditions that are most often characterised by low oxygen 

content, and specialized biota that are adapted to growing in such environment 

(Charman 2002, 3). Unlike mineral wetlands, they are mainly composed of living plant 

layer and thick accumulations of preserved plant detritus form previous year’s growth 

which can reach depths of several meters or more depending on the age of 

accumulation. 
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2.2 Peatland formation and classifications 

The development of peatland ecosystem is governed by both hydrological template and 

climatic template of an area. Any landscape which has the capacity to reduce the 

competency of water bodies to a level where sediments are no longer carried by traction 

constitutes a platform for peat formation (Moore and Bellamy 1974, 9) with the 

governing hydrological model for such situation given by the water balance equation: 

                      (1) 

Where     , = the inflow to the landscape [L
3
/T] 

      = the outflow from the landscape [L
3
/T] 

       = the volume retention on the landscape [L
3
]  

However, to enable peat initiation on such landscape, the production of organic matter 

on the landscape must surpass its rate of decay and there must be sufficient amount of 

water as decay rate is primarily a function of moisture status, with secondary influences 

from temperature and water chemistry (Charman 2002, 73). The peat growth is initiated 

within the retention volume with the peat acting as an inert body by displacing its own 

volume of water. Peats in this stage of formation are classified as “primary peats” by 

Moore and Bellamy (1974, 9). They are formed in the basins (fig. 2), with their 

development causing volume retention decrease in their host reservoir, and are present 

in all, with exception of the most hot and arid parts, of the world. The second stage 

classified as “secondary peat” develops as the process of peat formation continues up to 

a point at which the surface of the peat reaches a level, beyond the physical confines of 

the basin, that it no longer acts as an inert body but as an active reservoir receiving 

water from adjacent reservoirs and increasing the surface retention capacity of the 

landscape unit. As the development process continues, the third stage classified as 

“tertiary peats” is reached where the peat level gets above the physical limits of the 

ground water. The peat at this stage, acts as a reservoir holding a volume of water by 

capillarity up above the level of the main ground water mass draining through the 
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landscape, hence acting as a perched water table fed mainly by the precipitation falling 

directly on it (Moore and Bellamy 1974, 10).  

 

Figure 2. Schematic Diagram of the Peatland Formation Process (modified after Moore 

and Bellamy 1974, 29). 

 

Other systems of peatland formation that has being identified are the terrestrialization 

system of peatland development and paludification (conversion of a mineral soil site to 

a peatland due to rise in the groundwater table) system of peatland development 

(Paavilainen and Päivänen 1995, 6-7). In the terrestrialization system, the mire 

formation starts from the aquatic ecosystem (open waters) following the steps outlined 

by Moore and Bellamy (1974, 9) which starts with the primary peat formation (a stage 

where the peat acts as an inert material displacing its own volume of water) and 

continues to the secondary peat formation (a stage where the peat no longer acts as an 

inert material but acts a reservoir itself) until it reaches the tertiary peat formation stage 

where the peat grow above the confinement of its basing and holds large volume of 

water through capillary forces. From this tertiary stage, it then moves towards the 

terrestrial ecosystems through sediment build-up, evaporation and drainage. In the 

paludification system, the reverse is the case. The direction of development in the 

paludification system is from the terrestrial ecosystem (dry site) towards the wet ones. It 

involves the conversion of mineral soil land to peatland due to rise in the groundwater 

table (Paavilainen and Päivänen 1995, 7). This type of peatland formation is mainly 

found in the northern regions. It involves spreading of sphagnum mosses which along 

with peat acts as water holding reservoirs. The resulting water stagnation that occurs, 
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gives rise to decrease in the oxygen content of the soil, thereby given room for death of 

trees and accumulation of peat.  

This accumulation of peat can be autogenic (originating from the ecosystem) or 

allogenic (originating outside the ecosystem) (Charman 2002, 92) and is a function of 

peat production rate and its decay rate. It can be simply stated as a difference between 

production and decay although in real case, the measurement of the balance is a 

complex situation which needs consideration of mire ecosystem as whole rather than 

just the more active surface.  

In autogenic system of accumulation, the accumulation is from the organic materials 

produced at the site of accumulation while in the allogenic system, the accumulation is 

from the organic materials produced elsewhere from the mire and transported to the 

mire through sediment transport. In reality, no peatland accumulation is only a result of 

one of the systems described above but is normally a mix of both systems. Two 

important processes mentioned earlier that influence peat accumulations are production 

and decay. These two processes are possible in peatlands because of nutrient and carbon 

cycles which are normally in a state of imbalance, with the inputs to the system 

normally exceeding the outputs, although reverse might be the case sometimes, due to 

disturbance to the natural processes through drainage or direct removal of the peat for 

use elsewhere (Charman 2002, 93). This imbalance creates a “sink” situation – a 

situation where rate of export of materials is less than rate of intake in the peat thereby 

giving room for accumulation to take place (i.e. productivity > decay) 

Most of the productivity and decay processes take place in the upper acrotelm (layer 

containing living plants) of the peatland which is more oxidized and more active while 

in the lower catotelm (layer containing dead plants), potentials for production and decay 

are minimal because of its permanently water logged nature (see fig.3).  
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Figure 3. Schematic diagram of peat accumulation processes (modified after Charman 

2002, 107). 

The variations in production and decay processes in peatlands from place to place due to 

influence of temperature, moisture content, oxygen supply, microbial and animal 

populations and plant material results to variations of long term accumulation of peat 

across the globe. This variation in long term accumulation is what leads to different 

types of peatlands and mire complexes distributed across the world (see fig. 4 and 5). 

Owing that most of the factors that influence production and decay of organic matter are 

related directly or indirectly to climate conditions, the geographical location of these 

types of peatlands is governed by the climatic templates which is included in the 

hydrological equation (Eq. 2). 

                  ,        (2) 

where     , = the inflow to the landscape [L
3
/T] 

   = precipitation [L] 

      = the outflow from the landscape [L
3
/T] 

   = the evapotranspiration [L] 

    is the volume retention on the landscape. [L
3
] 
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Climatic factors such as temperature sums (minimum and maximum), annual 

precipitation and evapotranspiration interactions and topographic factors affect the rate 

of primary production and decay, hence determining the type of peatland formed in a 

region. For instance, most of the mires in the world are found in predominantly wet and 

humid climates. The primary and secondary mires despite occurring in a greater range 

of basin sites such as river terraces, valley heads, and closed lake and open lake basins 

in humid regions, they are restricted to only coastal deltas and estuaries in the subtropics 

and tropic regions where the climate is wet and humid (Moore and Bellamy 1974, 9-

10). Therefore, a clear system of classification is needed for a better understanding of 

processes of formation of these mire complexes. 

Different classification schemes have being used for peatland classification because of 

the complexity of the physical and biotic processed that form peatlands (Mitsch et al. 

2009, 157). Some of these classifications include: Landscape-based Classification 

which classified peatlands as Raised bogs, Aapa mires, Paalsa bogs, Blanket bogs; 

Chenistry-based Classification which classified peatlands as Minerotropic, 

Mesotropic, Ombrotropic, Eutrophic and Oligotrophic peatlands; and Hydrology-Based 

Classification which classified peatlands as Ombrogenous and Geogenous peatlands 

which can be limnogenous – developed along flowing streams or lakes, topogenous – 

developed in topographic depressions with at least some regional groundwater flow and 

soligenous – developed with regional interflow and surface runoff (see Mitsch et al. 

2009, 157-162).  

Owing that most of these classifications are based on the numerous features of peatlands 

such as floristic, vegetation structure, geomorphology, hydrology, chemistry, and 

stratigraphy which are closely interrelated, a more complete and widely used 

classification system which combined several of these peatland features was developed 

by the Canadian National Wetland Working Group (Warner and Rubec 1997, 1). This 

classification system (Canadian Wetland Classification System) applies to wetlands in 

general and is based on a hierarchical system, which includes; wetland class, wetland 

form and wetland type (see National Wetland Working Group 1997, 2). Under this 

classification, peatlands are classified as bogs, fens and swamps.  

Bogs – if it receives its water exclusively from precipitation and not influenced by 

groundwater, with sphagnum dominated vegetation;  
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Fens – if it receives water rich in dissolved minerals and its vegetation cover composed 

mainly of graminoid species and brown mosses; and  

Swamps – if it’s vegetative cover is dominated by trees, shrubs, and forbs with its water 

rich in dissolved minerals (Mitsch et al 2009, 163).  

2.3 Peatland functionality and utilization  

Peatlands, as a type of wetland ecosystem are far more important than non-wetland 

ecosystems in terms of water resources management due to their ecosystems service 

functionality which includes: water quality improvement (Mitsch et al. 2009, Ronkanen 

and Bjørn 2005, Krecek and Haigh 2006); coastal protection; flood mitigation; wildlife 

protection and climate stability (Mitsch et al. 2009). Peatlands are known for their role 

in water purification to the extent that thousands of artificial peatlands have been 

constructed across the globe to treat all types of waste water. They act as carbon sink, 

containing 60% of terrestrial carbon on the globe (Bullock et al. 2012, 921) and provide 

breeding environment and habitat for most living organisms, plants and animal species. 

The role of undisturbed peatlands as an ecosystem service is enormous but despite that, 

there are some values attributed to peatlands that makes them attractive to man for 

agricultural, energy and forestry usage. Some of these values include: high organic 

content with high energy capacity; fibrous nature and its high water holding capacity; its 

great powers of cation retention and very high specific heat (Moore and Bellamy 1974, 

190-191).   

Prior to the inception of modern farm tools and machineries, the peatlands of central 

Europe were left intact for a long time because of their high water content, poor 

accessibility, and man’s inability to farm them using primitive means (Paavilainen and 

Päivänen 1995, 15). However, as man’s population coupled with his industrial 

development increases, his demands upon the natural resources of the planet increased 

thereby leading to man’s quest for alternative means of meeting his insatiable needs. 

The development of modern tools and machineries made peatlands more accessible 

thereby paving way for its investigations for usefulness. 
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Some of the oldest forms of peatland usage are for hunting, picking of wild berries, 

harvesting of wild rice and collection of wild forage for cattle. Some of these practices 

are still much in vogue though they might have little economic importance unlike the 

modern use of peatlands which include: agriculture, energy, and forestry. 

In Finland, about 300,000 hectares and 54 000 km
2
 of peatlands have been drained for 

agricultural purposes (Päivänen and Hånell 2012, 21) and forestry (Åström et al. 2001, 

117) respectively while peat combustion constitutes for 7% of primary energy use 

(Strack 2008, 18). 

These modern utilizations of peatlands entail draining of peatlands. For instance, Unlike 

forest practices in mineral soils, peatland forestry requires a great deal of water 

management (drainage) to get the water table to a level where economic wood 

production could be achieved due to enhanced aeration in the soil. Despite the economic 

benefits of these forms of peat usage to man, its environmental consequences are 

enormous. Draining pristine mire alters the ecosystem service functionality of the mire 

with the most notable areas of impact being on the peatland hydrology and carbon 

cycle. 

2.4 Peatland hydrology  

Hydrodynamics is one important factor that determines peatland initiation and 

development and controls the rate at which atmospheric carbon is sequestered and 

released from peatlands. For instance, peatlands ecological and edaphic (soil) 

development depends on water flow and retention in peatlands (Price 2003). Due to the 

close inter-relationship between peatland hydrology and peatland ecology, peatland 

hydrology is commonly studied as ecohydrology which refers to the temporal and 

spatial patterns of variation in the quantity and quality of water inputs that a peatland 

receives (Päivänen and Hånell 2012, 75).  

In a simplest form, i.e. if we consider a peatland as an independent ecosystem isolated 

from its surroundings, the general water balance equation can be used to describe the 

water movement in peatlands (Eq. 3). 
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                       (3) 

where   Qin = the recharge to the peatland [L
3
/T] 

 Qout = the discharge from the peatland [L
3
/T] 

  ∆S = change in storage [L
3
]. 

The main sources of recharge to peatlands are from precipitation, surface runoff from 

adjacent slopes or from groundwater influx while the discharges are mainly through 

runoff, seepage to groundwater and evapotranspiration as shown in fig. (4).  

The chief source of influx depends on the type of peatland and the climate of the region. 

For instance, bogs are mainly dependent on precipitation for water and nutrient supply 

whereas fens are mainly reliant on the groundwater for its supply. Also, peatlands in 

tropical and temperate regions might have more than one source of influx such as 

precipitation, groundwater and fog, while peatlands in arid areas might solely depend on 

groundwater for their supply (Holden 2005, 2893). 

Understanding water movement within peatlands needs detailed familiarity with 

peatland structure. Given that one important hydrological characteristic of peatlands is 

their high water retention capability; the rate at which water will move within a peatland 

depends on the water pressure and the resistance to it, formally expressed with Darcy’s 

flow equation (Charman 2002, 44) (Eq. 4). 

     (
  

  
)            (4)   

where    = rate of flow [L
3
/T] 

   = hydraulic conductivity of the peat [L/T]  

 
  

  
  = the hydraulic gradient [L/L]  

A = cross section of the sample examined [L
2
].  
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Figure 4. Schematic presentation of water balance of a minerogenic mire complex 

(modified after Paavilainen and Päivänen 1995, 78). 

 

The water pressure is dependent on the hydraulic gradient of the peatland while its 

resistivity depends on other physical properties of peatlands such as bulk density, 

degree of humification and water content which varies across the two horizons in the 

peat profile as shown in fig (3) above. 

Water movement within peatlands occurs through overland flows and subsurface flows 

within micro-pores, macro-pores and natural pipes that exist within the peat matrix with 

saturation-excess overland flow or throughflow in the upper peat layer being the 

dominant flow regime (Holden 2005, 2897) (fig. 5). The upper (acrotelm) layer is 

characterised by intensive exchange of water with the atmosphere and the surrounding 

area, frequent fluctuations in groundwater level and water content, high hydraulic 

conductivity and periodic access of air to the pores, while the lower layer (Catotelm) is 

characterised by a constant or slightly changing water content, very slow exchange of 
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water with the subsoil and the surrounding environment, very low hydraulic 

conductivity and no access of atmospheric oxygen to the pores (Päivänen and Hånell 

2012, 76).  

Generally, groundwater level in undisturbed mires lies close to the surface but with 

human interference through draining for agricultural purposes, energy purposes or 

forestry purposes, the groundwater level is lowered, thereby increasing access of 

oxygen to the peat layers which in turn increases organisms’ respiration and 

mineralization of organic matter. One consequence of this situation is increase in the 

emissions of CO2 and N2O from the peatland with decrease in CH4 emissions as most 

studies have shown (Berglund and Berglund 2011). Therefore, minimising this effect 

needs appropriate water management in the peatland which can only be effective 

through the knowledge of the hydrodynamic behaviour of the peatland. 

One useful method of understanding the hydrodynamic behaviour of a peatlands is 

through the use of hydrological models. One of the important parameter needed in such 

model to be able to adequately capture the peat behaviour is the hydraulic conductivity 

of the peat (Hogan et al. 2006, 3635) which determines the rate of water and material 

transport in the peat. 
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Figure 5. Conceptual models of peatland hydro-ecological system (a) Traditional two-

layered system. (b) Model incorporating pipe flow processes; K is the hydraulic 

conductivity (modified after Holden 2005, 2896). 
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3. Hydraulic Conductivity and its Measurements 

Estimation of a number of soil properties, such as hydraulic conductivity, that affects 

the retention and movement of water and dissolved substances through soils has being 

one of the major requirements in engineering and soil management applications dealing 

with forestry, agriculture, terrestrial ecosystem management and land reclamation 

(Balland et al. 2008, 300). It is one of the important inputs of water flow and chemical 

transport models and a relevant tool in forecasting soil carbon turn-over rates and 

retention (Balland et al. 2008, 300).  

Measurement of hydraulic conductivity of soils (a term used to describe permeability in 

soils) dates back to 1856 when a French engineer, Henry Darcy, developed a 

mathematical law, popularly known as Darcy’s law, which described the flow of water 

through a porous medium. From his experiment using a tube (of known cross-sectional 

area) which is filled with a porous medium and vertically tilted to an angle with water 

introduced into the top of the tube at a rate sufficient to maintain a steady flow of fluid 

through the porous medium, he found that the volumetric rate “Q” at which water 

enters the tube at the top is equal to the rate at which water leaves the tube at the 

bottom. Taking consideration of the difference in water heads “∆h” at two points 

through the aid of two vertical pipes installed at distance “∆s” at the tube (fig. 6), he 

expressed the volumetric flow through the tube as: 

                             (5) 

where  Q = the volumetric flow rate [L
3
/T] 

 A = the area perpendicular to the flow [L
2
] 

q = the specific discharge through the tube [L/T] which he defined as (Eq. 6): 
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          (6) 

where  K  = a constant known as the hydraulic conductivity of the porous medium 

[L/T]. 

 

Figure 6. Experimental apparatus used to derive Darcy's Law (modified after Deming 

2002, 32). 

 

Though Darcy’s empirical description of flow through a porous medium is a generally 

accepted equation especially in the fields of hydrology and groundwater engineering, it 

has both upper and lower limit of application. For instance, it does not hold at very high 

fluid velocities, and there are some questions about whether or not it is an accurate 

description of fluid flow for very low head gradients, especially in materials of low 

permeability (Deming 2002, 32.). Darcy’s law is based on the assumption that soils 

were merely a bundle of straight and smooth tubes, with each having a uniform radius. 

But in reality, soil pores are not uniform, smooth and cylindrical tubes, but are irregular 

in shape, tortuous and intricately interconnected (Hillel 1998, 176). Water flow through 

soil pores is dependent on both the properties of the medium and the properties of the 

fluid flowing through the medium. It depends on the pore geometry of the soil as well as 

the density and viscosity of the fluid.   
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3.1 Soil properties affecting hydraulic conductivity  

The arrangement of soil particulates within a soil is one factor that controls its hydraulic 

conductivity. Pore geometry and continuity within a soil vary depending on the 

direction of measurement. In most cases, vertical component of K are different from the 

horizontal component. One measurable property of soil pore geometry that is most 

influential in soils hydraulic conductivity is porosity which is simply given by (Eq. 7): 

   
  

  
               (7) 

where  n = the porosity of the soil sample [%] 

 Vv = the volume of voids in the soil sample [L
3
] 

 VT = the total volume of the soil sample [L
3
]. 

The porosity of soils decreases with depth and is best expressed (for engineering 

purposes) using void ratio which is given by (Eq. 8): 

   
  

  
           (8) 

where  Vs. = volume of solids [L
3
]. 

The preference of void ratio to porosity is due to the fact that any change in the volume 

of a soil mass is a direct consequence of a similar change in the volume of voids while 

the volume of solids remain intact. Porosity varies inversely with the soil dry bulk 

density while the relationship between void ratio and porosity is given by the expression 

(Eq. 9) (Ranjan and Rao 2000, 12). 

   
 

   
          (9) 
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The relationship between void ratio and hydraulic conductivity tends to be a linear one 

as some studies have shown (Parent et al. 2004, 2, Staub et al. 2009, Aimrun et al. 2004, 

201). Parent, in his study established a linear relationship between logarithm of the 

saturated hydraulic conductivity and void ratio of his samples which he expressed using 

the relationship:  

          
                             (10) 

where       is the saturated hydraulic conductivity for void ratio  [L/T] 

     is an arbitrary reference void ratio [L
3
/L

3
] 

     
  is the saturated hydraulic conductivity at    [L/T] 

 b is the slope of the log (    ) versus   relationship (Parent et al. 2004, 2).  

Another pore geometry property that influences hydraulic conductivity is the grain size 

while the fluid properties include: viscosity and temperature. Hydraulic conductivity 

varies directly with unit weight of the flowing fluid and inversely with the viscosity of 

the fluid as indicated in the equation below: 

    
  

 
                    (11) 

where     = the unit weight of the fluid [M.L
 –  2

.T
 – 2

].  

   = the fluid viscosity [M.L
 – 1

. T
 – 1

]  

The expression  
  

 
  depends on the kind and physical state of the pore fluid which 

includes the fluid temperature (Ranjan and Rao 2000, 145).  
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Using Poiseuille equation for flow rate through a tube of any geometrical cross-section 

and adapting it to the case of irregular cross-section somewhat similar to the flow 

passages between soil grains, we get: 

     
  

  

 
 
  

   
                       (12)  

where i = hydraulic gradient (dh/dl) [L/L]. 

Comparing the equation with Darcy’s equation, we get a composite equation describing 

the relationship between hydraulic conductivity, void ratio, grain size, unit weight of 

fluid, and viscosity of fluid (Eq. 13). 

      
  

  

 
 
  

   
                    (13) 

where  C = a composite shape factor dependent on grain shape  

de = a representative grain size (Ranjan and Rao, 2000, p. 145.).  

Another equation that described the relationship between hydraulic conductivity, 

porosity and grain size is the Kozeny-Carman equation given by (Eq. 14). 

  
  

         
                     (14) 

Where  n = the porosity  

 a = the specific surface exposed to fluid [L
2
] 

c = a constant representing a particle shape factor (Hillel 1998, 191). 

 

 



31 

 

Other properties of porous medium that influence its hydraulic conductivity are 

homogeneity and isotropy of the medium. A homogeneous medium implies that the 

hydraulic conductivity does not vary from point to point though it is a rare case in 

reality. Most soils are heterogeneous as there are numerous constrains to water 

movement in soils. An isotropic soil implies that hydraulic conductivity in horizontal 

direction is the same in vertical direction. This is sometimes achievable in reality as 

well as its reverse case “Anisotropic”. (For detailed knowledge of flow through soil 

matrix, see: Deming 2002, Hillel 1998, Ranjan and Rao 2000) 

3.2 Hydraulic conductivity measurements 

Since many models and designs in the fields of environmental, civil and agricultural 

engineering require the hydraulic conductivity parameter input for effective simulations 

and designs, measurement of hydraulic conductivity of soils has being an important 

practice in these fields.  

Over the past 50 years, high permeable sediments have provided the basis for 

developing many sound analytical characterizations of an aquifer’s permeability, 

transmissivity and storage, but given the current state of the world’s industrialization 

where an equivalent flow of a few meter per second for a toxic contaminant present in a 

dissolved concentration of a few thousand micrograms per cubic meter assumes 

important implication to human health, estimation of rate of groundwater movement 

even at such slow rates as 5.0 × 10
 – 7

 cm/s has become a necessity in any meaningful 

environmental investigations involving groundwater (Campbell et al. 1990, 86). 

Given the importance of hydraulic conductivity in any field of science and engineering 

dealing with soil, a number of laboratory and field methods have been developed for its 

estimation. Many of these methods are developed with the principle of Darcy’s flow 

equation which was discussed in section 3, paragraph 2 and 3. A detailed description of 

some of these laboratory and field methods is presented in the sub-sections (3.2.1 and 

3.2.2) below. 
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3.2.1 Laboratory methods 

Various laboratory methods of estimating hydraulic conductivity of soil samples were 

reviewed by Klute and Dirksen (1986, 687-734). According to them, the laboratory 

methods can be divided into two categories: methods applicable to saturated soils and 

methods applicable to unsaturated soils but given the nature of this study, only the 

methods applicable to saturated soils are discussed. 

The two laboratory methods that have being chiefly applied in estimating saturated 

hydraulic conductivity of soil samples are the constant and falling head permeameters. 

Constant head permeameter method 

The constant head permeameter operation is based on the principles of Darcy’s equation 

of flow through a soil column of uniform cross-sectional area, but in its case, applied to 

a saturated soil column. It is based on the measurement of the quantity of water that 

flow under a given hydraulic gradient through a soil sample of known length and cross-

sectional area in a given time (Ranjan and Rao 2000, 140). A simple schematic diagram 

of the apparatus setup is presented in fig. (7).  
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Figure 7. Schematic representation of simple constant head permeameter apparatus 

setup. D = water reservoir, h = head gradient in the manometers, L = distance between 

manometer tapping points, E = water collection beaker and A, B, and C represents 

control valves (modified after Ranjan and Rao 2000, 140). 

 

The principal operation of this kind of permeameter is that an undisturbed core sample 

of soil is placed in the Perspex cylinder and fastened with porous plates and filter paper 

placed on top and bottom of the sample as shown in fig. (9). By allowing water to flow 

through the soil sample from a water reservoir designed with control system to keep the 

water level constant (fig. 7, D), the hydraulic head difference imposed on the soil 

column is read through a pair of manometers attached to the Perspex cylinder at 

strategic points. Knowing the cross-sectional area of the sample and the outflow from 

the sample at a given time, which is collected through point C (fig. 7, C and E) with the 

aid of a beaker, the saturated hydraulic conductivity of the sample is calculated using 

the mathematical expression (Eq.15): 
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           (15) 

Where V is the volume of water collected from point C (fig. 7) through the sample 

cross-sectional area (A) in time “t”, and ∆h is the hydraulic gradient imposed across the 

length “L” of the sample. 

Another typical setup of the apparatus which allows for low hydraulic gradient is shown 

in fig (8). This setup is mainly adopted for materials with low hydraulic conductivities 

because the siphon tubes cannot deliver water fast enough to maintain a constant head 

of water on samples with high hydraulic conductivities. 

 

Figure 8. Schematic diagram of the experimental setup of the constant head 

permeameter for measuring hydraulic conductivity at low hydraulic gradient (modified 

after Klute and Dirksen 1986, 698). 
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The problem associated with the constant head permeameter method is that the Darcy 

equation is not valid for all flow in porous media (Klute and Dirksen 1986, 697). For 

Darcy’s equation to hold, the forces of inertial on the fluid should be negligible 

compared to the viscous forces. But in real situation, such condition is only obtainable 

in silts and finer materials for any commonly occurring hydraulic gradient found in 

nature (Klute and Dirksen 1986, 697). Therefore, to be able to use the method on 

materials coarser than silt, adjusting the hydraulic gradient to a value where Darcy’s 

equation will hold becomes a necessity. For example, a hydraulic gradient less than 0.5 

to 1 is required in sands for Darcy equation to hold (Klute and Dirksen 1986, 697).  

Another problem associated with the method is that it does not allow for swelling. In 

Practice, soils with substantial content of clay tend to swell markedly when they absorb 

water and shrink when dry. Wetness of these soils often causes three dimensional 

changes in volume while their shrinkage causes opening of cracks which close again 

when the soil is rewetted (Hillel 1998, 197). Using the constant head permeameter 

method of hydraulic conductivity estimation on these types of soil at deeper layers 

might be considered feasible since the overburden pressures on the soil is considered to 

prevent its swelling but when it comes to top soils, the problem of swelling comes to 

play. Since the constant head method confines the soil within the Perspex cylinder, the 

lateral and vertical swelling of the sample is inhibited which makes it unable to 

represent the real situation in the soil thereby given the potential for wrong estimation 

of hydraulic conductivity of such soil.  

One of the modifications that have being adopted to correct this problem is the open end 

system where only the bottom and lateral sides of the sample is confined leaving the top 

open to allow for swelling as shown in fig. (9). But that does not entirely eliminate the 

problem since swelling in clay content soils are not only one dimensional but three 

dimensional. 
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Figure 9. Modified setup of the constant head apparatus which allows for vertical 

swelling (modified after Klute and Dirksen 1986, 698). 

 

Falling head permeameter method 

The falling head method operates with the principles of Darcy equation as in the 

constant head method except that in its case, the hydraulic gradient changes with time 

unlike in the constant head method where the hydraulic gradient is constant. This 

system is mainly applicable to soils with low hydraulic conductivity where accurate 

measurement of discharge using a constant head permeameter is difficult. A simple 

illustration of the falling head permeameter principle is shown in fig. (10). 
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Figure 10. Illustration of the operation of falling head permeameter (modified after 

Ranjan and Rao 2000, 141). 

 

An undisturbed soil sample is placed in a cylinder with a porous plate at the bottom and 

a standpipe is connected above the sample as shown in fig. (10). Filling the standpipe 

with de-aired water and allowing the water to flow through the soil sample, the 

elevation difference “dh” in the water level in the standpipe at any given time “dt” is 

noted. Knowing the volume of water that passes through the sample in time “dt”, the 

hydraulic conductivity of the sample is calculated using the mathematical expressions: 

  
  

  
  

 

 
           (16) 

Where the left hand side of the equation represents flow in unit time through the sample 

which is given as a × velocity of fall, i.e.  
  

  
 , the negative sign shows that the head 

decreases with time. The right hand side of the equation represents Darcy flow q which 

is given by  
 

 
   

Rearranging and integrating (Eq.16), 

  ∫
  

 

  

  
  

 

 
∫   

  

  
        (17) 
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The hydraulic conductivity is thus given as: 

   
  

          
    

  

  
          (18) 

Or 

       
  

  
     

  

  
 , if                 (19) 

where  a = the cross-sectional area of the standpipe [L
2
] 

 L = the length of the soil sample [L] 

 A = the cross-sectional area of the soil sample [L
2
] 

 h = the hydraulic head difference across the sample at time t [L] 

 h1 = the initial hydraulic head [L] 

h2 = the final hydraulic head [L] 

 t1 = the initial time at h1 [T] 

t2 = the final time at h2 [T]. 

A typical setup of the falling head apparatus is shown in fig. 11. The diameter of the 

stand pipe is chosen so that an easily measured change in head is recorded within a 

reasonable time like 1 and 100 min (Klute and Dirksen 1986, 701). An equation for 

estimating the diameter of the standpipe to use is given by (Eq. 20). 

   [
    

 
         ]

 

 
        (20) 

where  d = diameter of the standpipe [L] 

 D = the diameter of the soil sample [L] 
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 t = estimated time of fall [T] 

 L = length of soil sample [L] 

 Hr = the head ratio h1/h2 as shown in fig. (13)  

K = an estimate of the hydraulic conductivity of the soil sample [L/T] 

 

Figure 11. A typical setup of apparatus for measuring hydraulic conductivity by falling 

head permeameter method (modified after Klute and Dirksen 1986, 701). 

 

The problems associated with the falling head method are the same as those with the 

constant head method as discussed above (see constant head permeameter method). 
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3.2.2 In situ – Field methods 

Like the laboratory methods discussed earlier, the field methods of estimating hydraulic 

conductivity of soils can be grouped into those applicable to saturated soil conditions 

and those applicable to unsaturated soil conditions as discussed by Amoozegar and 

Warrick 1986, and Green et al. 1986. But in this study, only the methods applicable to 

saturated soil conditions will be discussed since the study deals with saturated hydraulic 

conductivity measurements. For detailed explanation of methods applicable to 

unsaturated soil conditions, see Green et al. (1986). 

Some of the notable in situ methods that have being employed in estimating saturated 

hydraulic conductivity of soils include: slug test methods (auger-hole method and 

conventional piezometer method) and direct push falling head piezometer method. 

Other methods which are not discussed in this study include: tracer and flow-meter 

tests, bore-hole infiltration method, confined and unconfined flow pumping tests, 

shallow well pump-in method, cylindrical permeameter method, air-entry permeameter 

method and in-situ falling head permeameter method. 

Slug test methods 

The slug tests include the auger-hole method and the piezometer method, which involve 

a short term introduction or removal of water via a bored hole into a subsurface interval 

of sediment, soil, or fractured rock (Campbell et al. 1990, 88). The auger-hole method 

had been a widely used method in the past and involves creating a hole, extending 

below the water table with the aid of auger while ensuring minimum disturbance of the 

soil. A schematic diagram of the operational principle is shown in fig. 12. 
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Figure 12. Principle geometry of an auger hole (modified after Amoozegar and Warrick 

1986, 736). H = depth of water in the hole, r = radius of the hole, s = distance between 

the bottom of the hole and the underlying impermeable layer, h = depth of water in the 

hole and y = distance between the water table and level of water in the hole.  

 

After boring the hole with auger, priming operation is first done to reduce the puddle 

effects in the hole, after which the water level in the hole is allowed to equilibrate with 

the groundwater table. Noting the initial depth of water in the hole “H”, the diameter of 

the hole “2r”, and the distance between the bottom of the hole and the underlying 

impermeable stratum “s”, water is pumped out of the hole and the rate of recovery in 

the hole is measured thereby allowing for calculation of the hydraulic conductivity of 

the surrounding soil. 

Given that the flow of water into the auger hole is not one dimensional but three 

dimensional, it is difficult to describe the saturated hydraulic conductivity from this 

method, as a simple function of the flux and hydraulic gradient as applicable in the 

laboratory methods (Amoozegar and Warrick 1986, 736). Some of the notable equations 

proposed for calculation of hydraulic conductivity from auger-hole were proposed by 

Ernst, and Boast and Kirkham (Amoozegar and Warrick 1986, 737). 
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Ernst proposed two approximate equations for K for two different conditions: when the 

bottom of auger-hole is sufficiently above the impermeable stratum (Eq. 21) and when 

the auger-hole cuts across the impermeable stratum (Eq. 22). 

   {
       

[            
 

 
 ]
} (

  

  
)        (21) 

where  r = the radius of the hole [L] 

 H = the depth of groundwater from bottom of the auger-hole [L] 

 y = the difference between the depth of groundwater and the depth of water in 

the hole [L] 

  

  
 = the rate of change of y with respect to time t [L/T] 

For the condition where the auger-hole cuts across the impermeable stratum, s = 0, 

hence the equation becomes: 

   {
       

[            
 

 
 ]
} (

  

  
)        (22) 

The parameters are the same as described in Eq. 21 and the hydraulic conductivity from 

the two equations are given in the unit of (L/T). 

The Boast and Kirkham equation is a simple one given by (Eq. 23). 

   (
  

  
)   

 

   
         (23) 

Where  
  

  
 = the rate of rise of water in the hole [L/T]  

C = a shape factor determined form Table 11 in appendix A.  

 

   
 = dimensionless thereby given the value of K in L/T dimension. 
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One of the problems associated with the auger-hole method is that serious errors might 

result if proper precautions and steps are not taken during the test or if applicable 

equations and tables are used beyond their range (Amoozegar and Warrick 1986, 742). 

For instance, for best results, it is advised to ensure that water level in the hole returns to 

equilibrium with the groundwater level before measurements starts and the amount of 

return flow into the hole be limited to 20% of the amount of water removed from the 

hole and also that measurements should be completed before the height of water in the 

hole reaches to 20% of the depth of water in the hole at equilibrium, i.e., h/H = 0.2 

(Amoozegar and Warrick 1986, 742). Meeting these conditions is sometimes difficult 

thereby making the auger-hole method prone to errors. 

Another problem of this method is the effect of smearing the walls of the hole with the 

auger which tends to clog the pores and planar voids thereby resulting in wrong 

estimation of hydraulic conductivity. Also, the auger-hole method does not produce a 

reliable result when the water level is above the soil surface or where artesian conditions 

(water rise to soil surface without the aid of artificial pumping) prevail (Amoozegar and 

Warrick 1986, 743). 

The piezometer method is a modified auger-hole method and works on the same 

principle as the auger-hole method, except that it involves installation of a piezometer 

pipe into an auger hole that is of same diameter as the pipe without disturbing the soil. 

By pumping out water from the pipe, groundwater is allowed to infiltrate into the pipe 

through the cavity provided at the bottom of the pipe. The rate of recovery of water in 

the piezometer pipe is noted and the hydraulic conductivity calculated with the help of 

tables (Appendix B). Similary, water can be introduced into the pipe and the rate of 

drawdown in the pipe measured hence enabling the calculation of the hydraulic 

conductivity of the soil. 

A schematic representation of the piezometer method is shown in fig. 13. and hydraulic 

conductivity from the test is calculated using the mathematical expression (Eq. 24) 

developed by Luthin and Kirkham (Amoozegar and Warrick 1986, 742): 
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Figure 13. Principal Geometry of the piezometer method (modified after Amoozegar 

and Warrick 1986, 745). H = length of pipe extended into the groundwater, hC = length 

of cavity at the bottom of the pipe, s = distance between the bottom of the cavity and the 

impermeable stratum, y = difference between the groundwater level and water level in 

the pipe and r = radius of the cavity. 

 

   {
   

[           ]
}   (

  

    
)        (24) 

where  K = the saturated hydraulic conductivity [L/T] 

 r = the radius of the cavity [L] 

 yi = the difference between the level of groundwater and the level of water in 

the pipe at time ti [L] 

 yi + 1 = the difference between the level of groundwater and the level of water in 

the pipe at time ti + 1 [L] 

C = a shape factor determined from Table 12 in Appendix (B).  
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Other methods of calculating hydraulic conductivity from the piezometer slug test have 

been developed since the Luthin and Kirkham equation. Some of these methods include 

Hvorslev method published in 1951, Cooper-Bredehoeft-Papadopulos method published 

in 1967, Nguyen-Pinder method published in 1984 and Bouwer-Rice method published 

in 1976 (Campbell et al. 1990, 88). The most widely used of these methods are the 

Hvorslev method and Bouwer-Rice method. 

The Hvorslev method is based on determining the change in normalised head with time 

which is given by: 

 

  
    

 

           (25) 

where  h0 = the initial head difference between the piezometer and the surrounding soil 

[L] 

 t = the time since the introduction or withdrawal of the slug [T] 

 h is the head difference at time t [L] 

T is the basic hydrostatic time lag which is defined by Hvorslev (Surridge et al. 2005, 

1229) as: 

   
   

    
  

 

  
         (26) 

Where  A = the inside cross-sectional area of the piezometer pipe [L
2
] 

 F = a shape factor for the piezometer intake which is given by equation (27)  

K = the hydraulic conductivity which is expressed by combining equations (25) 

and (26) to obtain equation (28) [L/T]. 

   
      

    (        √          ⁄   ⁄ )
       (27) 
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The hydraulic conductivity “K” can either be calculated by plotting the ratio, 
 

  
 against 

time on a semi-logrithmic graph paper, fitting Eq. (25) on the straight line portion of the 

graph and using the estimate of T from Eq. (26) or by applying Eq. (28) directly to the 

data. 

Some shortcomings of the Hvorslev method are that it ignores the effects of 

compressive storage and assumes that the aquifer has an infinite thickness (Campbell et 

al. 1990, 89). It is also difficult to meet its restriction on the well geometry, which is 

that the length of the well must be greater than eight times the radius of the well screen, 

on very shallow or large diameter wells (Campbell et al. 1990, 88). 

The Bouwer-Rice method, on its own, didn’t solve the problem of aquifer compressive 

storage associated with the Hvorslev method but it is more advanced than the Hvorslev 

method in that it accounts for the geometry of the screen, gravel pack (if any), finite 

saturated thickness and an effective radial distance over which the initial drawdown is 

dissipated (Campbell et al. 1990, 93). The advantage of this method is that it is 

generally applicable to confined and unconfined situations, partially penetrating to fully 

penetrating wells as well as screened, perforated or otherwise open wells (Bouwer and 

Rice 1976, 423).  

The Bouwer-Rice method is given by the mathematical expression (Eq. 29). 

   
  

        ⁄  

  
 
 

 
   

  

  
        (29) 

where  rc is radius of well casing [L] 

Re = a dimensionless ratio describing well geometry (effective radius over which 

y is dissipated) 

  dw = radius of screen plus thickness of sand pack or developed zone [L] 

 L = length of screen [L] 
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 y0 = vertical difference between water level inside well and static-water level 

outside well at time 0 [L] 

yt = vertical difference between water level inside well and static-water level 

outside well at time t [L] 

K = the hydraulic conductivity [L/T]. 

The dimensionless ratio Re is calculated using two equations developed by Bouwer and 

Rice (1976, 425) through electrical resistance network analog for two different 

conditions: when the well is partially penetrated (Eq. 30) and when the well is fully 

penetrated (Eq. 31). 
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        (31) 

The dimensionless coefficients A, B and C which are functions of L/dw are determined 

from a set of curves (fig. 14) developed by Bouwer and Rice (1976, 426) from the 

electrical analog modelling done to characterize Re or from empirical look-up table for 

Bouwer and Rice method of slug test analysis (Appendix C) developed by Halford and 

Kuniansky (2004) while the dimensions D and H are as indicated in fig. (15). 

 

Figure 14. Bouwer –Rice curves relating coefficients A, B, and C to L/rw (modified 

after Halford and Kuniansky, 2004). 
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Figure 15. Principal Geometry of Bouwer-Rice Slug test method (modified after 

Halford and Kuniansky, 2004).  

 

One major problem associated with the piezometer slug test is the potential for reduced 

flow into and out of the piezometer pipe due to smearing of the soil around the 

piezometer intake/screen and blocking of pores around the intake by gas bubbles. This 

problem normally results in estimation of hydraulic conductivity values that are 

substantially below true values (Baird et al. 2004). Some of the precautionary measures, 

to be taken in other to reduce the smearing effect, such as using a procedure called 

‘development’ to remove smeared material from around the piezometer’s intake were 

outlined by Baird et al. (2004). 

Falling head direct push piezometer method 

Another form of piezometer slug test that have been developed recently and have being 

applied in peatland hydraulic conductivity study is the falling head direct push 

piezometer. It consists of an overhead reservoir connected to a steel pipe which can be 

of any length depending on the preferred head for the test. The diameter and length of 

the instrument used by Ronkanen and Kløve (2005, 47) were 1.2 cm and 240 cm. The 

end of the pipe is fitted with a tapered tip and a screen of length 1.2 cm and diameter 1.2 

cm as shown in fig. 16. With the aid of the tapered tip, it is possible to push the 

instrument into the soil to a desired depth without requiring the aid of an auger and 

measure the hydraulic conductivity at that depth. 
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The operation of the direct push piezometer is that the instrument is pushed into the soil 

to a depth of interest and water is pumped into the overhead reservoir. With the aid of a 

timer, the rate of drop in water head in the reservoir is noted and the rate of outflow 

from the piezometer tip is calculated using the Hvorslev (1951) equation: 

          
  

  
               (32) 

where  Q = the outflow at the piezometer tip [L
3
/T] 

 t = time [T] 

 F = shape factor [dimensionless] 

 r = radius of reservoir [L] 

 K = hydraulic conductivity [L/T] 

 H = water level at the measuring point [L] 

 h = water level in the reservoir [L] 

  
  

  
  = the time rate of change in head [L/T]. 
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Figure 16. Schematic representation of the geometry of the falling head direct push 

piezometer used in this study (modified after Ronkanen and Kløve 2005, 47). 

 

Rearranging Eq. (32) gives: 

  

  
  

  

      
  

             (33) 

Integrating Eq. (33), resolving the integration constant from the initial water head (H0) 

and taking a natural logarithm gives an equation for calculating hydraulic conductivity 

from the direct push piezometer (Eq. 34). 

  (
   

    
)     

  

   
          (34) 
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By plotting the left hand side of Eq. (34) against time on a semi-logarithm graph, the 

hydraulic conductivity K is calculated from the slope of the straight line portion of the 

plot using the shape factor F (Eq. 35). 

     
 

 
             (35) 

where  S = the slope of the straight line portion of the graph  

r = the radius of the reservoir [L].  

The shape factor F is calculated using the equation developed by Hvorslev (1951) (Eq. 

36). 

   
     

    (       √         ⁄   ⁄ )
        (36) 

where  l = length of screen [L]  

d = diameter of the piezometer tip [L]. 

Not many studies have been done with the falling head direct push piezometer and 

problems that might be associated with the use of this method are not well known. 

However, the head losses in the piezometer make the method allowable for accurate 

measurements of hydraulic conductivity below 0.002 m s
 – 1

(Ronkanen and Kløve 2005, 

47).  
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3.3 Hydraulic conductivity in peat soils   

Measuring the hydraulic conductivity of peat soils is always a difficult task since peat 

does not appear to behave exactly the same way as mineral soils and it may not always 

be possible to directly apply techniques and theories derived from mineral soils to 

peatland hydrology (Charman 2002). Peat soils unlike most mineral soils are very 

heterogeneous and anisotropic. This causes problems in its hydraulic conductivity 

estimations as peat hydraulic conductivity tends to vary from point to point and with 

depths due to the irregularities in physical and structural arrangement of constituent 

particles in peat soils such as fibres and granules which greatly affects the size and 

continuity of pores within peat soils (Wong et al. 2009).  

Some of notable methods that have being employed to study hydraulic conductivities in 

peat soils include: piezometer method (Päivänen 1973, Holden and Burt 2003, Hogan et 

al. 2006, Clymo 2004, and Ronkanen and Kløve 2005), pumping test method (Hogan et 

al. 2006), and laboratory methods (Beckwith et al. 2003, Ronkanen and Kløve 2005). 

Though these methods have yielded some appreciable results, the suitability, accuracy 

and precision of these methods have not been studied extensively (Baird et al. 2004). 

One method that has being widely adapted in peatland studies, especially in drained 

peatland, is the piezometer method. But like other methods, it has its own drawbacks in 

that the results obtained through such method depends on a relatively small area of 

potentially disturbed peat near the piezometer screens (Hogan et al. 2006, 3635). It has 

also been established that the piezometer method sometimes provides estimates of 

hydraulic conductivity that are substantially above or below true values due to smearing 

effect on the piezometer intake (Päivänen and Paavilainen 1995, 46 and Baird et al 

2004). The wide variations in hydraulic conductivity values obtained using the 

piezometer method also makes the method a subject for more investigation.  

Another method that has been used extensively is the laboratory methods. However, the 

uncertainties associated with these methods such as seepage between the soil sample 

and the Perspex wall makes it more questionable than the piezometer method as noted 

by Päivänen (1973, 27). Some studies have also established that the hydraulic 

conductivity estimated using the laboratory methods are way lower than those estimated 

using the field methods like the piezometer (Campbell et al. 1990, 87), however, 
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Päivänen (1973, 27), in his study on drained peatland forest obtained higher values with 

the laboratory methods than the piezometer method. These irregularities subject the 

laboratory methods to more investigation.  

Some of the hydraulic conductivity values that have been obtained in different types of 

peat from previous studies as presented in Päivänen and Paavilainen (1995, 47) range 

from 4 × 10
 – 4

 to 9 × 10
 – 10

 and tends to decrease with depth as has been established by 

Päivänen (1973) and Laiho et al. (2004). Verry et al. (2011) established a relationship 

between bulk density, fibre content, degree of humification and hydraulic conductivity 

in organic soils which shows a decrease in hydraulic conductivity with increase in bulk 

density and degree of humification but an increase in hydraulic conductivity with 

increase in fibre content. These trends were also observed by Päivänen (1973) and 

Laiho et al. (2004).  

Though these methods have been applied successfully in peatland studies, a proper 

evaluation of these methods will provide an insight on their suitability for measuring 

hydraulic conductivity in peat soils, which is the main objective of this study.  
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4. Materials and Methodology 

4.1 Study sites  

The study sites comprises of drained peatlands (cultivated peatland, peat extraction site 

and peatland forest) located in Pelso, in the municipality of Vaala, in North 

Ostrobothnia (64
o
30ʹ 6.58ʹʹ N, 26

o
 22ʹ 51.76ʹʹ E) as shown in fig. 17. 

 

Figure 17. Study sites in Pelso. (Background map from Maanmittauslaitos and 

modifications by Justice Akanegbu). 
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Peatland forest 

The total land area of the peatland forest (fig. 18) is 22 ha and is composed of Carex 

peat. The peatland forest has been drained in the middle of 1970s (Hyvärinen 2011, 31) 

and spacing between the drainage ditches is approximately 40 m. The site has not been 

fertilized and there has not been any form of improvement cutting or any other 

silvicultural measures on the site (Hyvärinen 2011, 31). The depth of peat layer in the 

site is approximately 150 cm and below the peat layer lays the impermeable clay layer. 

The average drainage depth is 70 cm and slope of drains is 0.9. 

 

Figure 18. Peatland forest (photo by Justice Akanegbu). 

 

Cultivated peatland 

The total land area of the cultivated peatland (fig. 19) is 14.6 ha. The average depth of 

drainage ditches in the site is 70 cm with slope of 0.9 and spacing between drains is 26 

m. The site was drained during 1930s and 1940s and agricultural production on the site 

started in 1948 (Hyvärinen 2011, 30). The top soil at the site has been modified through 

application of mineral soil to improve the fertility of the soil (Hyvärinen 2011, 30). The 

site composes of Sphagnum peat and the depth of peat layer at the site is between 140 

cm to 150 cm with impermeable clay layer lying below the peat. 
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Figure 19. Cultivated peatland (photo by Justice Akanegbu). 

 

Peat extraction site 

The total land area of the peat extraction site (fig. 20) is 62 ha but only 55 ha are mined 

at the moment. The site was originally drained for forestry in 1970s and peat extraction 

was established on the site in 2006 (Hyvärinen 2011, 30). The average depth of 

drainage ditches in the site is 80 cm and the average spacing between the drains is 20 m. 

The strips between the drains are graded into convex form with the centre raised above 

the edges to improve runoff and reduce surface storage on the strips. Approximately 50 

cm of the top soil has been removed during the drainage and about 10 cm has being 

removed every year due to peat mining (Hyvärinen 2011, 30). The part where study 

points are located has not been used for mining since 2010. 

 

Figure 20. Peat extraction site (photo by Justice Akanegbu). 
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4.2 Hydraulic conductivity measurements 

The choice of methods of hydraulic conductivity measurements selected for this study 

was based on the successful application of those methods in previous studies on 

peatlands by Päivänen (1973) and Ronkanen and Kløve (2005), and also based on 

minimal problems and uncertainties associated with the methods.  

4.2.1 Field methods 

The in-situ methods of hydraulic conductivity measurements used in the study were 

conventional piezometer slug test and the falling head direct push piezometer (fig. 15 

and 16). The conventional piezometer slug test was selected over the auger-hole method 

based on the possibility of making simultaneous measurements which is not achievable 

with the auger-hole method while the falling head direct push piezometer was selected 

based on the successful application of the method in the previous studies by Ronkanen 

and Kløve (2005) and (Postila 2007, 13). 

Piezometer slug test 

The piezometer slug tests was conducted in each of the three study sites at depths 0.5 – 

0.6 m using a 1 m long piezometer pipes with inside diameter of 0.026 m and outside 

diameter of 0.03 m (fig. 21). The screen length was 0.1 m and was positioned at 0.7 m 

down the pipe thereby leaving 0.2 m imperforated region below the base of the screen to 

allow for mud sedimentation which might influence the performance of the slug test if 

the allowance wasn’t given. 
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Figure 21. Geometry of the piezometer used for the slug test. 

 

The slug test was not used at the depth 0 – 0.1 m because it is difficult to achieve tight 

contact between the piezometer pipe and the soil at that depth and also, it is difficult to 

meet Hvorslev criteria (length of the well must be greater than eight times the diameter 

of the screen) at that depth (Campbell et al. 1990, 88). 
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Seven piezometer pipes were installed in each of the study sites at approximate spacing 

of 1 m (fig. 22). the installation was done using an auger of 2.5 cm diameter which was 

drilled to an approximate depth of 0.5 m thereby allowing the piezometer pipe to be 

manually pushed down to the desired depth to ensure tight contact with the soil. To 

ensure that the groundwater level return to normalised level in the pipes before 

conducting the test, the piezometer pipes were installed one day before the test. The test 

was conducted using the standard guidelines outlined in ASTM D4044 – 96 (Standard 

test method for (field procedure) for instantaneous change in head (slug) tests for 

determining hydraulic properties of aquifers). 

 

Figure 22. Typical spacing of the piezometer pipes in the field (photo by Justice 

Akanegbu). 

  

Slug injection (water slug) method was adopted for the test and a range of 1100 to 1200 

ml of clean and sediment free water was used for the test depending on the level of 

groundwater in the pipe before the test. The tests were conducted for one full day and 

with the aid of level loggers (set at 1 second logging interval) installed inside the 

piezometer pipe, the time rate of drop in water head in the pipes were recorded and 

downloaded into computer for hydraulic conductivity analysis as shown in fig. 23.  
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Figure 23. Operation of the slug test (photo by Justice Akanegbu). 

 

Data analysis from the slug test was done using Slug_Bouwer-Rice.xls version 1.2 

spreadsheet developed by U.S. Geological Survey. The spreadsheet uses the Bouwer-

Rice method (Eq. 29) to calculate the hydraulic conductivity of an aquifer material 

using a set of inputs which include: volume of water injected, water level and time from 

level logger, depth from soil surface to impermeable layer DTB, depth of groundwater 

from soil surface DTW, depth from soil surface to top of screen TO, length of screen L, 

annulus diameter of the pipe dw (outside diameter of pipe if annular fill is not used), 

inside diameter of the pipe dc (fig. 15), well condition (partial penetrate or full penetrate 

well), soil type and its estimated range of hydraulic conductivity from literatures and 

annular fill material if any. 
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By manually fitting a trend line on the straight line portion of the semi-logarithm graph 

of y/y0 against time t s (y0 = water head in the piezometer at t = 0 and y = water head at t 

= t) on the output of the spreadsheet, the hydraulic conductivity K is computed 

automatically by the spreadsheet (fig. 24). 

 

Figure 24. Slug_Bouwer-Rice.xls version 1.2 spreadsheet output graph for well A in 

peat extraction site at 0.5 – 0.6 m depth.  

 

Falling head direct push piezometer test 

The falling head direct push piezometer was used for hydraulic conductivity 

measurements at both depths (0 – 0.1 m and 0.5 – 0.6 m) in all the sites. Seven 

individual tests were conducted in each site at both depths and the duration of each test 

was 30 minutes. The instrument used was a 265 cm long direct push piezometer with an 

overhead water reservoir of diameter 8 cm and length 30 cm (fig. 16 and 25).  
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Figure 25. Falling head direct push piezometer test. (1) = overhead water reservoir, (2) 

= siphon tube for pumping water inside the overhead reservoir, (3) = plastic guard to 

prevent evaporation and rain intrusion, (4) = piezometer steel pipe, (5) = water pump, 

(6) = tripod stand to minimize wind disturbance and prevent sliding, (7) = water storage 

container (photo by Justice Akanegbu).  

 

The test was conducted by manually pushing the piezometer into the soil to the desired 

depth of measurement, supporting it with tripod stand to minimize the effect of wind 

and prevent the instrument from falling, and pumping clean and sediment free water 

into the overhead reservoir. With the aid of level loggers (set at 1 second logging 

interval) placed inside the overhead reservoirs, the time rate of change in water head in 

the overhead reservoirs was recorded and downloaded into a computer for data analysis. 

To ensure free flow from the piezometer screen, constant inspection of the piezometer 

was done before each test to remove any material or sediments clogged to the screen. 

Also air bubbles inside the pipe were removed before each test by allowing the water to 

flow through the pipe for at least 2 minutes before starting the test. 
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The groundwater table at each time of test was measured with the aid of piezometer 

pipes installed at each study point. Also, the moisture content at each depth of 

measurement was recorded with the aid of a moisture content reading device. 

The analysis of data from the falling head direct push piezometer was done using the 

Hverslov method (Eq. 34). The left hand side of the equation was plotted against time 

and the slope of the straight line portion of the graph was taken (fig. 26). 

 

Figure 26. Output graph from the falling head direct push piezometer on peatland forest 

site at 0.1 m depth site. 

  

Using Eq. (36), the shape factor for the piezometer F was calculated to be 8.9 (l = 1.2 

cm and d = 1.2 cm). With the shape factor, the hydraulic conductivity at recorded 

temperature of water was calculated by multiplying the area of the overhead water 

reservoir with the slope of the straight line portion of the graph and dividing the result 

with the shape factor (Eq. 35).  Conversion of the hydraulic conductivity at the recorded 

water temperature to hydraulic conductivity at 20
o
C water temperature was done using 

the conversion formula (Eq. 37). 
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                    (37) 

Where  K20 = hydraulic conductivity at 20
o
C [L/T] 

 KT = hydraulic conductivity at recorded water temperature during the test [L/T]  

α = a conversion factor taken from a graph (Appendix D). 

4.2.2 Laboratory method  

The constant head permeameter method was adopted for the laboratory test. The test 

was conducted on two depths (0 – 0.1 m and 0.5 – 0.6 m) in each site and the equipment 

used consists of four core cells of 10 cm diameter and 12 cm length connected through 

siphon pipes to an adjustable water reservoir of 14 cm diameter and 30 cm length (fig. 

27). The inner walls of the core cells were lined with rough materials to ensure tight 

bond with the soil sample and prevent preferential flow through the wall.  

 

Figure 27. Constant head permeameter apparatus. (1) = core cell, (2) = timer, (3) = 

siphon tube, (4) = inlet, (5) = outlet, (6) = beaker, (7) = adjustable water reservoir, (8) = 

water temperature reader (thermometer), (9) = overflow outlet (photo by Justice 

Akanegbu). 
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The test was conducted by transferring the core samples collected from the field into the 

core cells with minimal disturbance. The samples were then allowed to saturate with the 

reservoir adjusted to 20 cm until water starts coming out from the outlet (usually 1 to 2 

days). After saturation, the water reservoir was adjusted to a preferable head (30 to 60 

cm depending on the density of the samples) to avoid preferential flow through the cell 

wall. With the inlet and outlet valves opened, water was allowed to flow through the 

samples in the core cells and the outflows were collected using beakers. The rate of 

outflow and temperature of water during each test were determined using the timer and 

thermometer. The duration of each test was 20 minutes and was replicated six times on 

each sample thereby enabling average hydraulic conductivity from the six replications 

to be taken. By noting the weight of water collected from the outlet, the hydraulic 

conductivity was calculated using the formula: 

           
    

       
         (38) 

where  K20
o
C = the hydraulic conductivity of the sample at 20

o
C water temperature 

[L/T] 

α = a temperature conversion factor obtained from graph (Appendix D) using the 

water temperature at time of test 

 Q = discharge from the outlet [L
3
/T] 

 H = the pressure head between the water level in the reservoir and the top of the 

outlet [L] 

 t = time of discharge [T] 

 A = cross sectional area of soil sample [L
2
] 

h = height of soil sample [L] 
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Sample collection 

The samples for the laboratory hydraulic conductivity determination and bulk density 

determination were collected using a 10.2 cm diameter and 35 cm length PVC pipes 

(fig. 28). The samples were collected at two depths (0 – 35 cm and 35 – 70 cm) in each 

site and stored in a cold room (+4
o
C) prior to the tests.  

 

Figure 28. Core sample for laboratory hydraulic conductivity measurement (photo by 

Justice Akanegbu). 

 

The core samples (10 cm long) needed for the hydraulic conductivity testing were cut 

out from the samples collected from the field and part of each sample to be tested (187 

cm
 – 3

) was collected for wet density and dry bulk density determination using the 

standard laboratory method as outlined in ASTM D7263 - 09 (Standard Test Methods 

for Laboratory Determination of Density (Unit Weight) of Soil Specimens). The 

samples were dried for minimum of 24 hours under 65
o
C temperature. 
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Drainmod modelling 

To be able to have a good platform for comparison of the results produced by each 

method used in the study, the DRAINMOD 6.1 was used to simulate the performance of 

drainage and water table in the study sites. The model is a field-scale model developed 

to describe the hydrology of poorly drained and artificially drained soils and is based on 

water balances in the soil profile (Skaggs et al. 2012, 1509).  

The required inputs to the model in this study were metrological data inputs which 

includes maximum and minimum daily temperatures, hourly rainfall, evapotranspiration 

index and monthly evapotranspiration factors; soil properties data inputs which include 

soil pF values at various layers, number of layers in the soil and lateral hydraulic 

conductivity of each layer; drainage system parameters which include depth of drains in 

the site, spacing between the drains and effective radius of drains.  

The peat harvesting site was selected for the model application based on the availability 

of the required soil properties data on the site. The water table depth in the site was 

measured throughout spring and autumn in 2012 with the level loggers installed in 

groundwater monitoring pipes in the site. The metrological data was collected at Vaala, 

Pelso Metrological station (ID = 5502, WMO = 02714, Lat = 64
o
50, Lon = 26

o
42, 

Elevation = 115) by the Finnish metrological institute while the drainage systems and 

soil properties were measured on the site. 

The model was used to simulate the groundwater table in the site from August to 

September, 2012 and was validated using groundwater simulation from June to July, 

2012. Calibration of the model was based on comparing the observed water table depth 

with the modelled water table depth. To get the simulated water table close to the 

observed water table, the sensitivity of the model was analysed by manipulating 

different variables. From the results, the model was found to be most sensitive to lateral 

hydraulic conductivity of the soil layers, soil surface storage, and monthly 

evapotranspiration factors. The monthly ET factors were computed using the 

Thornthwaite equation (1948), monthly average temperatures and the geographical co-

ordinate of the site (latitude 64
o
36ʹ N) (fig.29). 
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Figure 29. PET by Thornthwaite’s equation calculated each month in year 2012 using 

SaECaNet PET calculation tool (Asset Management Consulting Corporation, 2010). 

 

Evaluation of the DRAINMOD model was done by calculating statistical parameters 

which include average deviation between the observed values and simulated values 

(AD), average absolute deviation (AAD), relative root mean square error (RRMSE), 

coefficient of determination (R
2
) and coefficient of efficiency (E). Computations of 

these parameters are given by: 
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Where  Oi is observed water table [L] 

 Pi is predicted water table from the model [L] 

 Oavg is average observed water table from time period [L] 

 Pavg is average predicted water table from time period [L].  

 

 

 

 

 

 

 

 

 

 



70 

 

5. Results 

For clarity, the results obtained from the laboratory and field experiments are presented 

into four sub-headings dealing with; Degree of humification and bulk density, hydraulic 

conductivity values obtained with different methods in different peatland use, 

relationships between bulk density and the hydraulic conductivity values, model 

evaluation and comparison of the different methods used for the hydraulic conductivity 

estimations. Relationship between moisture content and hydraulic conductivity was also 

studied but no correlation was found between the hydraulic conductivity and the soil 

moisture content. 

Since water movement in soils are governed mainly by soil pore geometric properties, 

studying hydraulic conductivity of any type of soil cannot be effectively done without 

understanding the soil pore geometric properties which has major effect on water 

conductance through the soil. Owing to this, to be able to accomplish the primary aim of 

this study which is establishing a good evaluation of different methods of estimating 

hydraulic conductivity in drained peatlands, most vital physical properties of soil (bulk 

density, total porosity and void ratio) which influence water conductance through soil 

matrix were evaluated for samples collected from each of the study sites. This was done 

to enable us have a good base for comparison.   

5.1 Degree of humification and bulk density 

The three sites investigated are all drained peatlands with Von Post degree of 

humification of H4 to H5 at the upper layer 0 – 0.1 m and H3 to H5 at the lower layer 

0.5 – 0.6 m (fig. 30). In the peat extraction site, the degree of humification at the 0 – 0.1 

m layer was H5 while the lower layer 0.5 – 0.6 m was between H4 to H5. The cultivated 

peatland yielded the same result in the 0.5 – 0.6 m depth as in the peat extraction site 

but with H4 degree of humification at the 0 – 0.1 m depth. The upper layer (0 – 0.1 m) 

in the peatland forest has the same degree of humification H4 as in the cultivated 

peatland while the lower layer (0.5 – 0.6 m) has H3 to H5 degree of humification.  
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Figure 30. Von Post degree of humification at two different depths in the three study 

sites. 

 

5.1.1 Bulk density 

The results revealed an increase in wet density with increase in depth and a decrease in 

dry bulk density with increase in depth for all the sites except in cultivated peatland 

where both wet density and dry bulk density were higher in the upper layer (0 – 0.1 m) 

than the lower layer (0.5 – 0.6 m) (table 2 and 3, fig.31). 

Table 2. Wet Density Values of Studied Sites. 

Site 
Number of 

Sample 

Depth  

(m) 

Wet Bulk Density (g·cm
-3

) 
STD  Var. 

Min Avg. Med Max 

Peat 

Extraction  

5 0 - 0.1 0.92 1.00 1.01 1.03 0.04 1.9E-03 

5 0.5 - 0.6 1.05 1.06 1.06 1.06 0.01 2.6E-05 

         
Peatland 

Forest 

5 0 - 0.1  0.99 1.00 1.00 1.01 0.01 6.4E-05 

5 0.5 – 0.6 1.01 1.03 1.03 1.05 0.02 4.1E-04 

         
Cultivated 

Peatland 

5 0 - 0.1 1.13 1.18 1.20 1.20 0.03 9.7E-04 

5 0.5 - 0.6 1.01 1.02 1.03 1.04 0.01 9.5E-05 
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Table 3. Dry Bulk Density Values from Each Site. 

Site 

Number 

of 

Sample 

Depth  

(m) 

Dry Bulk Density (g·cm
-3

) 
STD  Var. 

Min Avg. Med Max 

Peat 

Extraction  

5 0 - 0.1 0.20 0.23 0.23 0.25 0.02 3.2E-04 

5 0.5 - 0.6 0.12 0.14 0.14 0.15 0.01 1.1E-04 

         

Peatland 

Forest 

5 0 - 0.1 0.15 0.15 0.15 0.16 0.00 7.6E-06 

5 0.5 - 0.6 0.14 0.15 0.15 0.15 0.01 3.7E-05 

         

Cultivated 

Peatland 

5 0 - 0.1 0.39 0.44 0.42 0.55 0.06 3.1E-03 

5 0.5 - 0.6 0.15 0.16 0.16 0.18 0.01 6.8E-05 

         

 

The difference in the wet density and the dry bulk density confirms the statement by 

Boelter (1968, 153), “that bulk density should be calculated on the basis of the wet bulk 

volume if it is to represent field conditions since volume of peats reduce considerable 

when dried.” The correlation between the dry bulk density and depth also conformed to 

the results obtained by Laiho et al. (2003, 33) which revealed a decrease in dry bulk 

density with increase in depth in drained peatland forest sites. Also, the higher wet and 

dry bulk density at the top layer in the cultivated peatland outlines the effects of wheel 

pressure of machines and mineral soil dressage of the top soil, which was also 

highlighted by Schothorst (1982, 145). 
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Figure 31. Relationship between wet density, dry bulk density and depth in the study 

sites. (T-B = peat extraction site, MB-C = peatland forest, P-B = cultivated peatland). 

 

Comparing the wet bulk density and dry bulk density obtained from each of the sites at 

the two depths of measurement shows no significant difference between the wet 

densities obtained at the top layer (0 – 0.1 m) and those obtained at the lower layer (0.5 

– 0.6 m) in all the sites (Table 2). However, significant difference in dry bulk density at 

the two depths of measurement was only observed in the cultivated peatland and the 

peat extraction site while the peatland forest yielded the same dry bulk density at both 

depths as shown in Table 3. Also, the range of dry bulk density from each of the site 

falls within the range of 0.04 to 0.20 g cm
-3

 as observed by Päivänen (1973, 35) for 

peats with degree of humification H3 to H5.  
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5.1.2 Porosity and void ratio 

The total porosity from the three sites was in the range of 82 to 95% which is in line 

with the range obtained by Päivänen (1973, 35).  

Table 4. Results from the porosity, void ratio and water content estimations. 

Site 

Number 

of 

Sample 

Depth  

(m) 

Avg. Degree 

of 

Humification 

Avg. 

Total 

Porosity 

% 

Avg. 

Void 

Ratio 

Avg. 

Water 

Content 

(g/g) 

Peat Extraction  
5 0.1 H5 91.52 10.85 3.39 

5 0.5 H4 – H5 94.76 18.19 6.32 

   
 

   

Peatland Forest 
5 0.1 H4 94.18 16.18 5.53 

5 0.5 H3 – H5 94.49 17.17 5.81 

   
 

   

Cultivated Peatland 
5 0.1 H4 82.99 4.97 1.54 

5 0.5 H4 – H5 94.00 15.68 5.37 

       

 

Higher porosity was generally obtained at depth (0.5 – 0.6 m) in all the sites except in 

the peatland forest where there was no significant difference in porosity at the top layer 

and porosity at the lower layer (Table 4). This trend in porosity observed in the two 

layers was expected since the lower layer (0.5 – 0.6 m) has lower average degree of 

humification compared with the upper depth (0 – 0.1 m). Päivänen (1973, 35) also 

observed such trend in his study where he obtained increase in total porosity with 

decrease in degree of humification and bulk density. The lowest porosity (83%) was 

obtained at the top layer in the cultivated peatland. This outcome was expected since the 

cultivated peatland site has the highest average wet and dry bulk density at the top layer 

(0 – 0.1 m) and bulk density is known to have a negative correlation with porosity, 

usually expressed as void ratio (Ranjan and Rao 2000, 18).   



75 

 

5.2 Hydraulic conductivity in different peatland use 

Hydraulic conductivity was measured at two different depths (0.1 m and 0.5 m) in each 

of the three different peatland use. The range of values obtained using different 

estimation methods on the three different land use are presented in the next sub-sections 

(5.2.1 and 5.2.2). 

5.2.1 Hydraulic conductivity values at 0.1 m depth 

The in situ method (direct push piezometer) and the laboratory method (constant head 

permeameter) were used to estimate hydraulic conductivity at 0.1 m depth at the studied 

sites. The classical in situ method “Double Ring Infiltrometer” was also employed for 

the near surface saturated hydraulic conductivity but due to the long duration required 

for the test and with the nature of the results obtained, it was difficult to estimate the 

hydraulic conductivity using the double ring infiltrometer method. The long 

measurement time and increase errors due to evaporation makes it complicate to be 

monitored. Furthermore, no clear trend was observed in the results which made it 

difficult to calculate hydraulic conductivity from the data. 

The results obtained using the direct push piezometer and laboratory method at 0.1 m 

depth are presented in table 5.  
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Table 5. Hydraulic conductivity at depth of 0.1 m. 

Direct Push Piezometer 

Site 
Number 

of Test 

Depth  

(m) 

Hydraulic Conductivity (m/s) 
STD  Var. 

Min Avg. Med Max 

Peat 

Extraction  
8 0-0.1 8.88E-09 1.31E-07 6.39E-08 4.21E-07 1.42E-07 2.01E-14 

Peatland 

Forest 
8 0-0.1 9.13E-07 1.79E-05 1.73E-05 4.33E-05 1.6E-05 2.55E-10 

Cultivated 

Peatland 
6 0-0.1 9.57E-10 1.8E-08 2.09E-08 3.33E-08 1.51E-08 2.28E-16 

         
Laboratory Test 

Site 
Number 

of Test 

Depth 

(m) 

Hydraulic Conductivity (m/s) 
STD  Var. 

Min Avg. Med Max 

Peat Extraction  6 0-0.1 1.99E-11 5.77E-10 1.69E-10 2.29E-09 8.82E-10 7.78E-19 

Peatland Forest 7 0-0.1 4.7E-10 1.24E-09 4.03E-10 6.15E-09 2.19E-09 4.78E-18 

Cultivated 

Peatland 
7 0-0.1 1.5E-10 9.41E-10 5.47E-10 2.84E-09 9.6E-10 9.21E-19 

          

The highest average value of hydraulic conductivity was obtained in the peatland forest 

using the two methods while the lowest average hydraulic conductivity was obtained in 

the cultivated peatland using the direct push piezometer and in the peat extraction site 

using the laboratory method. The range in hydraulic conductivity values obtained at 0.1 

m depth in the peatland forest was generally wider than that obtained from other sites as 

shown in fig. 32 and 33. 
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Figure 32. Hydraulic Conductivity Values Obtained with Direct Push Piezometer 

Method for Three Sites at 0.1m Depth. 

 

 

Figure 33. Hydraulic Conductivity Values Obtained with Laboratory Method for Three 

Sites at 0.1m Depth. 
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The direct push piezometer yielded higher and wider range of hydraulic conductivity 

values than the laboratory method as depicted in table 5. Pollock et al. (1983) have also 

observed a similar trend in their study on clayey mine soil where higher hydraulic 

conductivity values were obtained using in situ methods. He observed a difference of 10
 

– 2
 to 10

 – 4
 cm/s between the results from laboratory methods and in-situ methods.  

Owing to scarce documentation of hydraulic conductivity studies on peat extraction 

sites and cultivated peatlands, the results from the two methods could not be examined 

with any similar study. However, comparing the results obtained on the peatland forest 

site with results from similar study on peatland forest by Päivänen (1973, 16), the 

average hydraulic conductivity value (1.79 × 10 
– 5

 m/s) produced by the piezometer 

falls within the range (1 × 10
 – 5

 to 5 × 10
 – 5

 m/s) he obtained at 0.25 m depth while the 

average result from laboratory method (1.24 × 10
 – 9

) was below the range he observed. 

This outcome could be expected as peatlands differ both in structure and composition 

from place to place.  

5.2.2 Hydraulic conductivity values at 0.5 m depth 

At 0.5 m depth, the in situ methods; Slug Test and Direct Push Piezometer, and 

laboratory method; Constant Head Permeameter, were employed for the estimation of 

hydraulic conductivity. The trends in K values observed at this depth were similar to 

those observed at 0.1 m depth using also the in-situ and laboratory methods. Higher K 

values were generally obtained using the in situ methods than the laboratory method 

(fig. 34, 35 and 36). Also, highest variations in K values were observed using the in situ 

methods in the peatland forest as was observed at 0.1 m depth (table 6). However, 

unlike the laboratory test result at 0.1 m depth which depicted highest range in K values 

in the peatland forest (fig. 33), the result of laboratory test at 0.5 m depth depicted 

highest range of K values in the cultivated peatland (fig. 36).  When compared, the 

average K values obtained with the two in situ methods were in closer range than when 

either of them is compared with the values obtained with the laboratory test.   
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Table 6. Hydraulic conductivity at depth of 0.5 m. 

Slug Test 

Site 
Number 

of Test 

Depth 

(m) 

Hydraulic Conductivity (m/s) 
STD  Var. 

Min Avg. Med Max 

Peat Extraction  7 0.5-0.6 9.57E-08 1.27E-07 1.21E-07 2.07E-07 4.43E-08 1.96E-15 

Peatland Forest 7 0.5-0.6 6.71E-08 1.4E-07 1.53E-07 2.07E-07 4.9E-08 2.4E-15 

Cultivated 

Peatland 
6 0.5-0.6 2.51E-08 4.46E-08 3.76E-08 6.53E-08 1.66E-08 2.76E-16 

         
Direct Push Piezometer 

Site 
Number 

of Test 

Depth 

(cm) 

Hydraulic Conductivity (m/s) 
STD  Var. 

Min Avg. Med Max 

Peat Extraction  7 0.5-0.6 4.86E-09 5.02E-08 2.63E-08 1.71E-07 5.91E-08 3.49E-15 

Peatland Forest 7 0.5-0.5 2.13E-08 1.2E-06 7.63E-07 3.32E-06 1.21E-06 1.47E-12 

Cultivated 

Peatland 
6 0.5-0.5 1.45E-08 3.21E-08 3.41E-08 5.11E-08 1.36E-08 1.84E-16 

         
Laboratory Test 

Site 
Number 

of Test 

Depth 

(cm) 

Hydraulic Conductivity (m/s) 
STD  Var. 

Min Avg. Med Max 

Peat Extraction  6 0.5-0.5 2.91E-11 2.6E-10 2.04E-10 5.01E-10 2E-10 4.01E-20 

Peatland Forest 7 0.5-0.5 7.18E-11 4.05E-10 3.53E-10 8.97E-10 2.57E-10 6.61E-20 

Cultivated 

Peatland 
7 0.5-0.5 7.94E-11 5.5E-10 3.54E-10 2.04E-09 6.86E-10 4.71E-19 
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Figure 34. Hydraulic Conductivity Values Obtained with Slug Test Method for Three 

Sites at 0.5 m Depth. 

 

 

Figure 35. Hydraulic Conductivity Values Obtained with Direct Push Piezometer 

Method for Three Sites at 0.5 m Depth. 
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Figure 36. Hydraulic Conductivity Values Obtained with Laboratory Test Method for 

Three Sites at 0.5 m Depth. 

 

The average K value obtained with the direct push piezometer method in the peatland 

forest site was also within the range of 10
 – 6

 to 10
 – 5

 m/s as was observed by Päivänen 

(1973, 16) at 0.45 m depth in a peatland forest. The difficulty in finding a documented 

hydraulic conductivity study on peat extraction sites and cultivated peatland sites made 

it difficult to compare the results in these sites with results previously measured.  

Comparing the K values obtained at the two depths of measurement using the in-situ 

and laboratory methods, the two methods of estimation (direct push piezometer and 

constant head permeameter) yielded higher average K values at 0.1 m depth than at 0.5 

m depth in all sites except in the cultivated peatland where the in situ method yielded a 

higher K value at 0.5 m depth than at 0.1 m depth (fig. 37, 38 and 39). The average K 

values observed at 0.1 m depth using the laboratory method were generally higher than 

average K values obtained using the same method at 0.5 m depth. The exception in the 

trend of K values obtained at both depths using the in-situ method in cultivated peatland 

was expected since from the bulk density results (fig. 31), the upper layer (0.1 m depth) 

has both higher wet and dry bulk density than the lower layer (0.5 m depth) and K 

values have been established to increase with decrease in bulk density (Parent et al. 

2004, 2).  
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Figure 37. Comparison of K values obtained at the two different depths in peat 

extraction site using in situ and laboratory methods. A) = direct push piezometer 

method. B) = laboratory method.  

 

 

Figure 38. Comparison of K values obtained at the two different depths in peatland 

forest site using in situ and laboratory methods. A) = direct push piezometer method. B) 

= laboratory method. 
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Figure 39. Comparison of K values obtained at the two different depths in cultivated 

peatland site using in situ and laboratory methods. A) = direct push piezometer method. 

B) = laboratory method. 
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This outcome indicates an influence from degree of humification which is higher in the 

upper layer in peat extraction site than in cultivated peatland (fig. 30). Päivänen (1973, 

19) also observed a significant effect of degree of humification on K values were K 

values decreased with increase in degree of humification.  
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Figure 40. Relationship between dry bulk densities and average K values obtained at 

0.1 m depth at the three sites using direct push piezometer method. 

 

 

Figure 41. Relationship between dry bulk densities and average K values obtained at 

0.1 m depth at the three sites using laboratory test method. 
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At 0.5 m depth, the cultivated peatland yielded the highest average dry bulk density as 

well as the lowest average K value from the three measurement methods as shown in 

fig. (42, 43 and 44). Looking at the results at the same depth (0.5 m) in the peat 

extraction site and peatland forest site, there was no significant difference between the 

dry bulk densities in peatland forest (0.15 g/cm
3
) and that in peat extraction site (0.14 

g/cm
3
). Because of this insignificant difference, the average K values from these sites at 

0.5 m depth were expected to be approximately similar. However, only the slug test 

method produced approximately similar average K values in peat extraction site and 

peatland forest at 0.5 m depth (fig. 42). The direct push piezometer and laboratory 

methods produced significantly different average K values at these sites. 

 

Figure 42. Relationship between dry bulk densities and average K values obtained at 

0.5 m depth at the three sites using slug test method. 
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Figure 43. Relationship between dry bulk densities and average K values obtained at 

0.5 m depth at the three sites using direct push piezometer method. 

 

 

Figure 44. Relationship between dry bulk densities and average K values obtained at 

0.5 m depth at the three sites using laboratory test method. 

 

5.0E-08 

1.2E-06 

3.2E-08 0.0E+00

2.0E-07

4.0E-07

6.0E-07

8.0E-07

1.0E-06

1.2E-06

1.4E-06

0.13 0.14 0.15 0.16 0.17

H
yd

ra
u

lic
 C

o
n

d
u

ct
iv

it
y 

K
 (

m
/s

) 

Bulk Density (g/cm3) 

Peat Extraction Site

Peatland Forest

Cultivated Peatland

2.5968E-10 

4.1E-10 

5.5E-10 

0

1E-10

2E-10

3E-10

4E-10

5E-10

6E-10

0.13 0.14 0.15 0.16 0.17

H
yd

ra
u

lic
 C

o
n

d
u

ct
iv

it
y 

K
 (

m
/s

) 

Bulk Density (g/cm3) 

Peat Extraction Site

Peatland Forest

Cultivated Peatland



87 

 

5.4 Model evaluation 

The performance evaluation of the DRAINMOD simulation based on the average 

deviation between the observed values and simulated values (AD), average absolute 

deviation (AAD), relative root mean square error (RRMSE), coefficient of 

determination (R
2
) and coefficient of efficiency (E) are presented in table 7. The 

simulation was done for two month period (August to September, 2012) and the 

preceding two month period (June to July, 2012) was used to validate the model. The 

results of the simulations are presented in fig. 45 and 46. 

 

Figure 45. Calibrated DRAINMOD model of water table depth (August – September, 

2012) in peat extraction site. 

 

Figure 46. Validation DRAINMOD model of water table depth (June – July, 2012) in 

peat harvesting site. 
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Table 7. Comparison of observed and modelled water table depth for calibration and 

validation years in peat extraction site. 

 

 

The model was mainly compared based on the coefficient of determination (R
2
) and 

coefficient of efficiency (E). From the statistics presented in table 7, it can be said that 

the calibration period and the validation period are close in agreement given that the 

allowable limit of coefficient of efficiency (E) for acceptance of a model is > 0.4 to > 

0.75 (Skaggs et al. 2012, 1516). Also, the coefficients of determination (R
2
) from the 

two models were close to unity and gave close values for both the calibration period and 

the validation period.  

 

5.5 Comparison of methods used for hydraulic 

conductivity estimation 

The results from the different methods used for the hydraulic conductivity 

measurements were compared based on the average values of K yielded by each 

method, and the variance and deviations between replications from each tested method.  

Comparing the two methods used on the top layer (0 – 0.1 m), the in situ method (direct 

push piezometer) gave higher average values of hydraulic conductivity than the constant 

head laboratory method for all the sites (fig. 47). This trend goes in contrast with the 

observation made by Päivänen (1973, 26) where he obtained higher values of hydraulic 

conductivity using the laboratory method. The fact that the laboratory method yielded 

lower average values than the in-situ method may be attributed to the precaution taken 

Statistical 

Parameters 

Validation Period 

(June - July, 2012) 

Calibration Period 

(August - September, 

2012) 

AD (cm) 5.93 1.98 

AAD (cm) 8.32 6.01 

RRMSE 0.57 0.23 

R
2
 0.74 0.79 

E 0.48 0.77 
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to prevent preferential flow through the permeameter wall (section 4.2.4) which is one 

of the reasons Päivänen (1973, 26) gave for the higher values by the laboratory method. 

Another possible cause may be due to additional compaction which might result during 

the transfer of the samples from the PVC pipes into the permeameter cells.  

At the lower layer (0.5 – 0.6 m), the conventional piezometer slug test was used in 

addition to the two methods used on the top layer (0 – 0.1 m). The average hydraulic 

conductivity values obtained at the layer followed the same trend as in the top layer 

with the laboratory method producing the lower average hydraulic conductivity values 

in all the sites (fig. 48). However, comparing the two in-situ methods (conventional 

piezometer slug test and falling head direct push piezometer test) used, the conventional 

slug test method gave slight higher average hydraulic conductivity values than the direct 

push piezometer in all the sites except in the peatland forest where the average hydraulic 

conductivity produced by the direct push piezometer method was higher than that from 

the conventional slug test method. Though comparing the range of K values from the 

two in-situ methods at the peatland forest, the minimum K value from the direct push 

piezometer falls below the minimum K value from the conventional slug test (fig. 48, 

B).   
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Figure 47. Results at 0 – 0.1 m depth. A) peat extraction site, B) peatland forest and C) 

cultivated peatland.  
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Figure 48. Results at 0.5 – 0.6 m depth. A) peat extraction site, B) peatland forest and 

C) cultivated peatland. 
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Looking at consistency in the three methods used, the direct push piezometer method 

produced largest variations in hydraulic conductivity values from replications than the 

other two methods while the laboratory method produced the smaller variation among 

the three methods (table 5 and 6). The two in-situ methods also produced higher 

deviations from mean K values than the laboratory method. These wide variations in 

results produced by the direct push piezometer may be attributed to small diameter of 

the intake screen which makes it susceptible to root interference and soil clogging. 

Another possible cause of these wide variations may be due to effect of wind on the 

instrument which is visible from some of the graphs from data analysis as shown in fig. 

(49).  

 

Figure 49. Effect of wind on data logged from the direct push piezometer instrument. 

 

Comparing the results from each method with range of hydraulic conductivity from 

previous studies as documented by Paavilainen and Päivänen (1995, 47), the average K 

values from the in-situ methods falls within the first two thirds (10 
– 5

 to 10
 – 8

 m s
 – 1

) of 

the range while the results from the laboratory tests falls within the last one third (10
 – 9

 

to 10
 – 10

) of the range (Table 8).  
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Table 8. Comparison of range of average K values from each method in all the three 

sites at 0 – 0.1m and 0.5 – 0.6 m depth with documented range of K in undisturbed peat 

soils by Paavilainen and Päivänen (1995, 47). 

    

Performance of the three measurement methods used in all the study sites are depicted 

in the fig. 50 and 51. From the plot, it can be seen that all the used methods produced 

higher hydraulic conductivity in the peatland forest compared to other sites. This shows 

the correlation between hydraulic conductivity and bulk density since the peatland 

forest has the lowest bulk density among the three sites studied (table 5 and fig. 31). 
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Figure 50. Comparison of the results obtained with different test methods at 0 – 0.1 m 

on the three study sites. 

 

Figure 51. Comparison of the results obtained with different test methods at 0.5 – 0.6 m 

on the three study sites. 
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Comparison with results from DRAINMOD simulation 

The peat extraction site was selected for the model simulation based on the availability 

of data in this site. One of the sensitive parameters in DRAINMOD modelling is the 

hydraulic conductivity of the soil layers being modelled. To get the model in agreement 

with observed that, the hydraulic conductivity of the three layers in the soil were 

manipulated until an acceptable result was achieved. The comparison of the hydraulic 

conductivity values achieved with the model and those achieved with the field and 

laboratory tests in the site are presented in table 9. 

Table 9. Comparison of the value of hydraulic conductivity achieved with the model to 

those achieved with laboratory and field methods of measurement. 

Soil 

Layer 

(m) 

Model  k 

(×10
-6

) 

(m/s) 

Laboratory Test K 

(m/s) 

Direct Push 

Piezometer K (m/s) 
Slug Test K (m/s) 

Avg. K 

(×10
-6

) 

Dev. 

From 

Model K 

(×10
-6

) 

Avg. K 

(×10
-6

) 

Dev. 

From 

Model K 

(×10
-6

) 

Avg. K 

(×10
-6

) 

Dev. 

From 

Model K 

(×10
-6

) 

0 - 0.5 6.9 0.00058 6.94 0.13
 

6.81 - - 

0.5 - 0.7 6.1 0.00026 6.10 0.05 6.05 0.13 5.97 

 

From the result of the comparison, it can be seen that the field methods of measurement 

achieved less deviation from the modelled values compared to the laboratory method, 

with the conventional slug test producing the least deviation. The high deviation 

between the average K value from the laboratory test and the predicted K value from the 

model falls in line with similar observation made by Pollock et al. (1983) where he 

observed high deviation in K values from laboratory tests from estimated K value 

compared to those from in-situ tests.   
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6. Discussion 

The uncertainties involved in the determination of hydraulic conductivity in peat soils 

results from several factors which are either independent or dependent of each other. 

The choice of method adopted has a great influence in results achieved thereby making 

it impossible to justify certain method over another without proper comparison of the 

results from each method based on a yard stick which has being proven to be a close 

representation of the real situation.  

The data of the present study was collected using the constant head permeameter 

laboratory method, conventional piezometer slug test method and the newly developed 

falling head direct push piezometer method. These methods have been used in previous 

studies by Päivänen (1973), and Ronkanen and Kløve (2005). The choice of these 

methods was based on the successes that have been recorded with these methods in 

previous studies and also based on low level of errors associated with these methods. 

Precautionary measures were taken to reduce errors and uncertainties in each of these 

methods used but however, these measures do not guarantee 100% efficiency. The 

variability of peat structure even at the same depth of measurement has great influence 

in output from these methods. Also the uncertainties associated with the condition of the 

intake screens beneath the ground, in the case of the in-situ methods, and preferential 

flows through the cell walls in the case of laboratory method can affect the results. Also, 

owing that the methods used in this study were designed for completely saturated 

conditions but was used in partially saturated conditions may result in uncertainties. 

Based on this, the suitability of these methods in peat soils should be discussed and 

analysed based on their consistency in replicating the same result after several re-runs 

and the closeness of the hydraulic values they yield to the modelled values.  
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Consistency of the methods 

The three methods used in this study all produced hydraulic conductivity values that are 

within the values documented in previous studies (Päivänen 1973, Holden and Burt 

2003, Hogan et al. 2006, Deb and Shukla 2012, Lewis et al. 2012 and Ronkanen and 

Kløve 2005). Judging the methods based on the agreement of the results they produced 

with the results from previous studies, one could say that all the three methods used are 

suitable for measuring hydraulic conductivity in peat soils. However, when it comes to 

highly sensitive cases, such as groundwater pollution management where equivalent 

flow of a few meters per second for a toxic contaminant present in a dissolved 

concentration of a few thousand micrograms per litter assumes important implications 

to human health, precise modelling of flows through soil matrix is needed if effective 

management is to be achieved in such case. One of the needed parameter to achieve 

such effectiveness is precise hydraulic conductivity of the soil material in question. 

Though the wide range of hydraulic conductivity recorded in peatlands have been 

mainly attributed to high heterogeneity and anisotropic nature of peat soils, it might also 

be beneficial to use different methods and compare the results from replications of tests 

with each measurement method on same point in other to have an insight on the 

performance of such method. 

Looking at results from replications done with each of the methods used in this study, 

deviations from mean K values from each method differ.  The direct push piezometer 

produced the highest deviations compared to the other two methods while the least 

deviation was achieved with the laboratory method. High deviations in results produced 

from replications using the direct push piezometer may be attributed to wind effect, 

local variability in peat soil, variability in water content in peat soil or susceptibility of 

the small diameter of the intake screen of the direct push piezometer to clogging and 

root interference. However, it will be unwise to reject this method based on the high 

deviations from mean K values achieved from replications using the method since local 

variability in peat soils also plays important role in producing such deviations. The 

laboratory method produced the lowest deviations but might not be the best 

representation of the variability in peat structure as there are so many factors such as 

hydraulic gradient, which influence the performance of the laboratory method. The slug 

test on the other hand produced deviations quite close in resemblance to that from direct 

push piezometer. Uneasiness to justify these methods based on the deviations they 
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produced from test replications calls for a more stable measure on which comparisons 

should be based. To be able to have a platform that have taken account of the local 

variability in the peat soil thereby leaving hydraulic conductivity as the control 

parameter, the DRAINMOD model was used to simulate water table in the peat 

harvesting site. The result from the model gave an acceptable agreement between the 

calibration period and the validation period with R
2
 of 0.79 for the calibration period 

and R
2
 of 0.74 for the validation period. Based on the predicted hydraulic conductivities 

of peat layers from the model, the results produced by each method were compared. 

Verification of the methods using DRAINMOD model  

The DRAINMOD model provides a very good base for comparison than consistency of 

methods in that soil variability factor has been taken into consideration in the model 

thereby leaving hydraulic conductivity as the major sensitive variable. The predicted 

hydraulic conductivity from the model shows that despite the high inconsistency 

recorded with the two in-situ methods, the range of hydraulic conductivity produced by 

these methods were closer to the predicted values than the range of values produced by 

the laboratory method (Table 10).  

Table 10. Comparison of the range of K values from different methods to the predicted 

values from DRAINMOD model. 

Range  in K (m/s) values in 
Peat Soils by Paavilainen 
and Päivänen (1995) 

10 – 4 10 – 5 10 – 6 10 – 7 10 – 8 10 – 9 10 – 10 
Out 
of 

Limit 

Predicted K from 
DRAINMOD at 0 - 0.5 m   

  
     

  
  

     Predicted K from 
DRAINMOD at 0.5 - 0.7 m          

       Direct Push Piezometer at     
0 - 0.1 m    

      
  

   
      

  Direct Push Piezometer at 
0.5 - 0.6 m    

      
  

   
      

  
Laboratory Test at 0 - 0.1 m 

     
      

     
      

Laboratory Test at 0.5 - 0.6 
m       

    

      
    

Slug Test at 0.5 - 0.6 m 
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From this observation, it can be said that the in-situ methods presents the best 

representation of the soil hydraulic conductivity than the laboratory method. However, 

this conclusion does not eliminate the problems and errors associated with each of these 

methods. To get proper understanding of the operation of each of these methods used, it 

is imperative to make a proper analysis on the operations of these methods and the 

errors and uncertainties associated with them. 

Analysis of the operations of the methods used 

Errors associated with the in-situ methods has been shown to be minimal when 

compared to laboratory methods (Campbell et al. 1990, Päivänen 1973, and Mohanty et 

al. 1994). Though there haven’t been much documentation on the direct push 

piezometer, from the experiment conducted with the instrument and the results obtained 

from it, it was clear that the instrument is very prone to wind influence. Uncertainty 

associated with this method is in the area of condition of the intake screen beneath the 

soil surface as it is not possible to monitor the intake screen beneath the soil. However, 

with proper measures taken to avoid these errors and uncertainties, a reasonable result 

close to the predicted K value from DRAINMOD model was achieved using the 

method.  

The slug test appeared to be the most promising method of measuring hydraulic 

conductivity from the results obtained in the study but the limitations of this method to 

only deeper depths makes it inapplicable to studies where surface layer is the object of 

interest. The errors associated with the method are the possibility of smearing of 

adjacent soil walls to the piezometer pipe and the uncertainty with the condition of the 

intake screen beneath the soil. But with appropriate precautions taken into account, the 

closest result to the predicted K value at 0.5 – 0.6 m depth was achieved using the 

method. Not only that this method presents less errors and uncertainty compared to 

other methods used, the method also presents the best natural condition for testing 

hydraulic conductivity of soils unlike other two methods where choice of hydraulic 

gradient might influence the results.  
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The laboratory test on the other hand is associated with many uncertainties and errors 

unlike the two in-situ methods used. The results obtained with the laboratory test were 

far below the predicted K values form the DRAINMOD model (table 12). Some 

possible source of errors in the laboratory experiment might come from additional 

compaction of the soil samples during sample collection and sample handling, 

conducting the experiment under artificial condition other than natural atmospheric 

condition, alteration of natural flow paths in pore spaces by the cylinder wall which can 

reduce permeability of the sample and difficulty in choosing hydraulic gradient that best 

represents natural situation. Though the equation for calculating hydraulic conductivity 

from this method (Eq. 38) takes into account the hydraulic gradient, the investigation 

done on the effect of hydraulic gradient on results from this method shows that the 

results depends considerable on the hydraulic gradient chosen (fig. 52).  

 

Figure 52. Dependency of hydraulic conductivity on hydraulic gradient from the 

laboratory tests. 
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Based on this result, it can be seen that the hydraulic conductivity produced from the 

laboratory test depends strongly on the hydraulic head selected. This issue makes the 

laboratory method more prone to errors than the in-situ methods as the effectiveness of 

the method mainly depends on the experience of the operator. 

Though 100% efficiency cannot be guaranteed in this study due to unforeseen errors 

and uncertainties associated with studies like this, a careful analysis of the three 

methods of hydraulic conductivity measurement used in this study based on their 

consistency in replicating results, the closeness of results achieved with them to the 

modelled result and the errors and uncertainties associated with them has thrown more 

light into the suitability of these methods in measuring hydraulic conductivity in peat 

soils. Based on this analysis, a conclusion can be made on the suitability of the methods.  
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7. Conclusion 

In a study like this, it is not always possible to guarantee error free performance of the 

instruments and methods used as inherent errors and uncertainties associated with 

materials as well as human errors will always play their role. However, to ensure a near 

error-free experiment, necessary precautions were taken during sample collection, field 

and laboratory testing and data analysis to minimize errors that might emanate from 

such operations.  

This study was done with the purpose of evaluating the suitability of three widely 

applied methods of measuring hydraulic conductivity in peat soils. From the results and 

analysis done on each of the methods, all the methods used produced hydraulic 

conductivity values within the range of hydraulic conductivity in peat soils documented 

in previous studies by Paavilainen and Päivänen (1995), Päivänen (1973), Holden and 

Burt (2003), Hogan et al. (2006), Deb and Shukla (2012), Lewis et al. (2012) and 

Ronkanen and Kløve (2005). However, when the results obtained with these methods 

were compared to the values predicted from the DRAINMOD modelling, the two in-situ 

methods used produced results that were closer to the results predicted from 

DRAINMOD modelling than the results from the laboratory method used even though 

the laboratory method produced less deviations from mean values compared to the in-

situ methods. The performance of the in-situ methods showed more clear distinction 

between hydraulic conductivity in the upper layer of peat soil and hydraulic 

conductivity in the lower layer than the laboratory method.  

Based on these observations, it can be concluded that the in-situ methods presents the 

best option for measuring hydraulic conductivity in peat soils. The deviations observed 

between the modelled hydraulic conductivity and the hydraulic conductivity from the 

in-situ methods confirms the difficulties associated with measurement of hydraulic 

conductivity in peat soils. Owing to these deviations, it will be advisable to combine 

model results with the in-situ test results if good hydraulic conductivity estimate is to be 

achieved.  
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Improvement on this study could be done through expansion of area of peatland studied 

and increasing the number of samples and measurements since peat soils are highly 

heterogeneous and tends to vary from point to point even at the same layer. The 

reliability of the results can also be improved by increasing the model simulated time 

period to at least one year since the two months’ time period used in this study may not 

provide the best representation of the entire year situation. 
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Appendix C 

 

Table 13. Empirical look-up table for Bouwer and Rice method of slug test analysis 

(from Halford and Kuniansky 2004). 

log(L/rw) A B C D-log Delta-A Delta-B Delta-C 

0.5 1.738 0.229 0.835 0.189133 0 0 0 

0.689133 1.738 0.229 0.835 0.202 0.064 0.04 0.255 

0.891133 1.802 0.269 1.09 0.098167 0.068 -0.004 0.102 

0.9893 1.87 0.265 1.192 0.295633 0.305 0.074 0.504 

1.284933 2.175 0.339 1.696 0.172867 0.289 0.068 0.327 

1.4578 2.464 0.407 2.023 0.2277 0.593 0.083 0.675 

1.6855 3.057 0.49 2.698 0.141867 0.547 0.095 0.585 

1.827367 3.604 0.585 3.283 0.159667 0.793 0.153 0.9 

1.987033 4.397 0.738 4.183 0.283767 1.625 0.365 2.549 

2.2708 6.022 1.103 6.732 0.187333 1.047 0.407 1.943 

2.458133 7.069 1.51 8.675 0.217233 0.993 0.6175 1.905 

2.675367 8.062 2.1275 10.58 0.305233 1.094 0.721 1.74 

2.9806 9.156 2.8485 12.32 0.296633 0.611 0.469 0.806 

3.277233 9.767 3.3175 13.126 

    
 

 

 

 



115 

 

 

Appendix D 

 

 

Figure 53. Temperature conversion factor. 

 


