
ABSTRACT: Bogs are dynamic eco-hydrological systems that are increasingly under threat 

worldwide due to land drainage for the purposes of agricultural use, afforestation or the harvesting 

of peat for use as a fuel. The groundwater balance is critical and the hydrology of the bog must be 

carefully managed to support the growth of its indigenous plants. A case study that demonstrates 

the effectiveness of parapet bunds as a conservation measure towards the regeneration of the lag 

zone (natural marginal drainage channel) around the perimeter a raised bog reserve is presented. 

The surface water retained behind the bunds leads to the re-saturation of the growing layer 

(arresting the propagation of the subsidence trough towards the central plateau of the bog) and, in 

time, its reconsolidation with indigenous plants. The bunds, which ranged between 0.5 and 3.0 m in 

height, were constructed using locally sourced peat material that had been allowed to naturally air 

dry. A translational-type slip failure, which involves the horizontal displacement of a large, intact 

block of the bund, is the critical case for geotechnical instability. The design, along the lines of van 

Baars method, must consider the effects of the seasonal drying by evapo-transpiration of the peat 

material near the crest along with the sudden increase in the hydraulic pressure behind the bund due 

to rising water level during a torrential rainfall event. Designs based on Bishop-type circular slip-

failures are un-conservative and were found to overestimate the true factor of safety value against 

slope instability by 21% for the worst-case loading scenario. 
 

1 INTRODUCTION 

Bogs are dynamic eco-hydrological systems created by the colonisation and gradual but steady 

accumulation of decaying vegetation in lake basins or shallow depressions (waterlogged and 

oxygen-poor conditions) over many thousands of years. The dynamic part of the bog (the acrotelm) 

is the uppermost layer, 30 to 50 cm in thickness, which is underlain by many metres of decaying 

vegetation (the catotelm). The evolution of these wetlands and the geo-engineering properties of 

the organic peat material formed during the different stages has been reported by Hobbs (1986). 

Eventually, a stage is reached where the plant-root systems loose contact with the mineral-rich soils 

that underlie the fen vegetation and decaying plant material leading to the formation of acidic, 

nutrient-poor raised bogs, which are characterised by a domed-shaped relief. Some indigenous 

plants have adapted to this harsh environment by developing other means of acquiring nutrients 
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(for example, the Sundew plant traps and digests insects), resulting in a slower but steady rate of 

accumulation of plant remains, and hence continued growth of the bog. 

Like any live biological system, the annual cycle of plant growth and decay in the growing layer 

(uppermost 10 to 20 cm thickness of the acrotelm) consumes water. The underlying peat material 

also absorbs water during the wintertime and releases water (usually through evapo-transpiration) 

during the summertime. Hence, the morphology of a bog changes annually, effectively swelling 

during the wintertime and shrinking during the summertime. Healthy raised bogs have a naturally 

high groundwater level that is usually coincident with the surface of the bog. The constituent peat 

material is at a very low state of effective stress (high groundwater level combined with a saturated 

unit weight of only about 10.5 kN/m
3
). The material is also at different stages of decomposition, 

with the deeper peat layers at a higher level of decomposition. 

Bogs are increasingly under threat worldwide due to anthropogenic activities, in particular, the 

harvesting of peat for use as a fuel and the drainage of bog land for the purposes of agriculture use 

or afforestation. For example, only about 19% of the 1.3 million hectare bog-land resource that 

once covered the island of Ireland currently remains intact. The groundwater balance is critical to 

the bog ecosystem and hence the natural and continued growth of the bog itself. The sustainability 

of the healthy Sphagnum mosses (key species in the acrotelm layer) depends on the availability of 

sufficient rainwater. The growth of these mosses is stunted, disrupting the natural growth pattern, 

when the groundwater level drops about 10 cm below the surface elevation of the bog, and/or the 

bog surface becomes so steep (slopes greater than 1:30 (Schouten, 2002)) that the rainwater runs 

off rather than infiltrating and swelling the bog on its annual cycle. Drainage ditches and local 

cutaway areas cause the naturally high groundwater level to reduce leading to ground subsidence, 

which tends to propagate towards the central plateau of the bog. The Sphagnum mosses will 

regenerate once the acrotelm layer has regained contact with the lowered groundwater table. 

The conservation and regeneration of the remaining bogs has been brought to the fore, 

especially over the past 20 years, by more stringent environmental policy and legislation. For 

example, the Irish Peatland Conservation Council and the Irish Wildlife Service have set targets of 

conserving 52,000 hectares of the relatively intact bogs that exist in Ireland. Special Area of 

Conservation status is also being sought or has already been granted for many of these bogs. The 

conservation of a bog requires careful management of its hydrology to support plant growth. Many 

engineering solutions have been successfully used in order to re-establish, over time, the natural 

groundwater balance, including (Wheeler and Shaw, 1995): 

 

 Blocking existing drainage ditches; 

 Placing impermeable barriers within the bog to reduce the rate of groundwater seepage; 

 Constructing parapet bunds around the perimeter of the bog to pond surface water; 

 Recharging the bog using additional surface water. 

 

These measures can be used independently or integrated depending on the site conditions and the 

extent of the area that must be treated. In particular, parapet bunds (constructed using locally 

available peat material) have proven very successful in re-establishing the natural bog hydrology. 

Surface water retained above the affected areas of the bog by the parapet bunds causes the re-

saturation of the acrotelm layer and, in time, its reconsolidation by indigenous plants. The parapet 

bunds also arrest the propagation of the subsidence trough towards the central plateau of the bog. 

However, some additional challenges are faced in the geotechnical design and construction of these 

bunds above the bog foundation. This paper presents a case study that demonstrates the successful 

regeneration of a raised bog using parapet bunds and current research being carried out on their 

geotechnical stability at Trinity College Dublin (Ireland). 



2 SLOPE STABILITY OF PEAT EMBANKMENTS, DYKES AND DAMS 

Peat has been successfully used in the construction of canal embankments, dykes and dams. For 

example, the Grand Canal and the Royal Canal systems traverse the Bog of Allen; a collection of 

raised bogs in the Irish Midlands. Large peat embankments (within which the lines of the canals 

were later excavated) were constructed above these bogs, Fig. 1. In The Netherlands, a large area of 

the west of the country is reclaimed polder land, which is susceptible to flooding. The surface water 

drains into the nearby rivers and eventually discharges to the sea via a network of canal dykes. 
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Figure 1. Canal embankment constructed using peat. 

 

However, a number of unexpected slope failures (for example, the canal embankment failure at 

Edenderry, Ireland (Pigott, Hanrahan and Somers, 1992)) and the canal dyke failure at Wilnis, The 

Netherlands (van Baars, 2005)) have highlighted geotechnical design against slope instability as a 

major issue. The embankment failure at Edenderry, Ireland, occurred in 1989 along a section of the 

Grand Canal, Fig. 2(a). The embankment (115 m in width at the base and 10 m in height) had been 

constructed above the bog foundation by compacting partially air-dried peat material in 0.5 m lifts. 

A channel (between 13 and 16 m in width) was later excavated into the top of the embankment in 

order to form the line of the canal. The embankment failure involved the horizontal displacement of 

a large intact block of peat (225 m by 105 m in plan area) through a distance of up to 60 m. The 

slip plane was inclined at an angle of 2.5 degrees to the horizontal and extended into the bog 

foundation. 

 

    

(a) Edenderry failure (Pigott, (b) Wilnis failure, 

Hanrahan and Somers, 1992). The Netherlands (van Baars, 2005) 

Figure 2. Canal embankment failures. 

 

The canal dyke failure at Wilnis, The Netherlands, occurred in August 2003 following a 

particularly dry summer, Fig. 2(b). Again, the failure mechanism was not a Bishop-type circular 

slip failure routinely used in stability analyses. The failed dike segment comprised an intact block 



of peat (about 60 m in length), which had been displaced horizontally through a distance of about 

10 m. The floodwater inundated more than 600 nearby houses. In general, the breaches in both case 

histories had occurred by the horizontal displacement of large intact blocks of peat instead of the 

traditional rotational-type slope failure. 

The drying out of the peat material near the crest of the embankment/dyke during extended 

periods of dry weather (reduction in self weight, shrinkage and formation of tension cracks), 

combined with the sudden increase in the active pressure (due to rising water levels during heavy 

rainfall events) were the principal contributing factors. These factors must be taken into account 

when carrying out horizontal and vertical stability calculations on peat retaining structures. 

Numerical studies using the PLAXIS finite element software (van Baars, 2005; McInerney, 

O’Kelly and Johnston, 2007) have confirmed that the translational failure mechanism is generally 

the critical case for geotechnical instability of peat retaining structures and that designs based on 

Bishop-type circular slip-surfaces are unconservative. In practice, a design method along the lines 

of that proposed by van Baars (2005), which considers both horizontal and vertical stability and the 

effects of seasonal-drying, must be used as a check on the global stability. 

3 CASE STUDY: RAHEENMORE RAISED BOG RESERVE, IRELAND 

Raheenmore bog is a classical example of a raised bog and is located about 5 km from Daingean, 

County Offaly, Ireland. The bog is a designated nature reserve (about 162 hectares in area) and has 

a characteristic, well-developed, dome-shaped relief that has risen above the surrounding 

countryside. The surface micro-relief comprises undulating hummock and hollow systems (10 cm 

to 30 cm in height differential), with some ponding of surface water in the hollows. Overall, there 

is a good coverage of healthy Sphagnum mosses as well as some sparse tree cover around the bog 

perimeter. The peat deposits at the Raheenmore bog reserve are up to 15 m in depth and are 

underlain by lacustrine clay. 

Although the margins of the bog have been arterially drained and peat has also been harvested 

along some sections of its perimeter in the past, the bog reserve had remained remarkably intact 

and was one of the few remaining raised bogs in Ireland where the restoration of the lag zone 

(natural marginal drainage channel around the bog perimeter) was feasible. Following a series of 

geological and hydrological appraisals by the Irish-Dutch Raised Bog Study (Streefkerk and 

Zandstra, 1994), an area was identified near the southeastern boundary of the bog for the 

construction of a series of parapet bunds. The purpose of these bunds was to pond surface water 

(thereby arresting the propagation of the subsidence trough); restore the natural groundwater 

balance, and in time, re-colonise the affected areas of the bog with indigenous plants. 

A series of concentric parapet bunds (ranging from between 0.5 and 3.0 m in height) were 

constructed at the Raheenmore site during the summers of 1994 and 1995, Fig. 3. The design of 

these bunds was based on experience gained in the construction of similar bunds at the Bargerveen 

Nature Reserve, The Netherlands. 

 

 

Figure 3. Ponding of surface water behind parapet bund. 
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The bog foundation had a water content value of about 1170%, which was determined by oven 

drying the peat material at a temperature of 105
o
C. The bunds were constructed using slightly 

decomposed (H4 on the scale of von Post) peat material that had been sourced locally and allowed 

to naturally air-dry to 590% water content. The von Post classification system (Landva and 

Pheeney, 1980) characterises the peat material in terms of its level of decomposition on a scale of 

H1 to H10, with H1 signifying entirely unconverted mud-free peat and H10 signifying completely 

degraded, amorphous material. The peat had a specific gravity of solids value of 1.42 and a total 

volatile solids value of 98%. The specific gravity was measured using the small pyknometer 

method (BS1377, 1990) and the total volatile solids was determined by igniting the oven-dried peat 

material at a temperature of 440
o
C. 

4 SLIP FAILURE OF PARAPET BUND, RAHEENMORE SITE 

A section of a 3.0-m high parapet bund was breached in December 1998, about four years after its 

construction. The failed section had been displaced horizontally by a distance of up to 1.5 m and 

about 0.36 hectares of adjoining land was flooded by the discharge water and peat debris (Bennett, 

1998). Tension cracks, which would have allowed preferential flow to occur, were also evident in 

the bog foundation around the location of the breach. 

The failure was back-analysed using the van Baars method with the aim of determining the 

contributing factors. The effects of an extended period of dry weather followed by a torrential 

rainfall event (sudden increase in the hydraulic pressure acting behind the bund) were considered in 

the stability calculations. Other contributing factors may have included the tension cracks, which 

were evident in the bog foundation, and piping that may have occurred beneath the toe of the bund. 

Figure 4 shows a cross section through the parapet bund close to the location of the breach. The 

maximum depth of water that was retained behind the bund was limited to 2.5 m by an overflow 

pipe, which passed horizontally through the bund and discharged down-slope. The total cross-

sectional area (Itot) of the breached section equalled 20.4 m
2
. When the peat material was 

completely saturated over the full cross section, the self-weight (Wsat, given by Eq. 1) of the bund 

equalled 214.2 kN/m run. 

The flow net in Fig. 4 shows an approximation of the flow path through the bund and the area 

(Iunsat) within which the peat material can dry out by evapo-transpiration during an extended period 

of dry weather. Density tests indicated that the peat material had a saturated unit weight of 10.5 

kN/m
3
, whereas in the upper zone, the material had a dry unit weight ( dry) of 3.0 kN/m

3
. In the 

latter case, the self-weight of the bund (Wunsat, given by Eq. 2) reduced to about 141.8 kN/m run. 

 

 

Figure 4. Cross section through parapet bund, Raheenmore raised bog reserve, 

Ireland (McInerney, O’Kelly & Johnston, 2007). 
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Wsat = Itot sat (1) 

Wunsat = Wsat – (γsat – γdry) Iunsat (2) 

where sat and dry are the saturated and dry unit weights, respectively. 

 

The active force (Phor, given by Eq. 3) that acted behind the bund, with the water surface located at 

the pipe-overflow level (h = 2.5 m), equalled 30.7 kN/m run. The hydrostatic uplift (Pvert, given by 

Eq. 4) acting beneath the bund, and with the surface of the retained water at the pipe-overflow 

level, equalled 105.5 kN/m run. The ultimate horizontal shear resistance (Fmax, given by Eq. 5) that 

can be mobilised over the base area of the bund was calculated using the laboratory-measured 

effective stress shear strength parameter (c’, ’) values for the peat material. 

 

Phor = ½ γw h
2
 (3) 

Pvert = ½ p.L (4) 

Fmax = c’.L + (W – Pvert) tan ’ (5) 

 

where c’ is the effective cohesion; 

h is the depth of the water retained behind the bund; 

p is the uplift pressure acting beneath the heal; 

L is the length of the slip plane; 

W is the self-weight of the bund; 

’ is the effective angle of shearing resistance;

w is the unit weight of water. 

 

A series of consolidated-drained shearbox tests were conducted on peat specimens (101.6 mm in 

diameter and 20.0 mm in height) in accordance with BS1377 (1990). Undisturbed samples of the 

compacted peat material were taken from a depth of 1.0 m below the top of the bund using a thin-

walled sampling tube, which was 100 mm in diameter. Three test specimens were allowed to 

consolidate in the shearbox under applied vertical stresses; namely 10, 20 and 40 kN/m
2
. The 

specimens were then sheared slowly at a rate of 0.01 mm/min, which allowed for full dissipation of 

the excess pore-water pressures to occur. A Mohr-Coulomb analysis yielded effective stress shear 

strength parameter values of c’ = 0 kN/m
2
 and ' = 38

o
. Similar values were reported by Farrell and 

Hebib (1998) from shearbox tests that were also carried out on the Raheenmore peat material. 

The factor of safety (FOS) against slope instability was calculated as Fmax/Phor, with a FOS 

value of less than unity indicating that a slip failure would occur. The FOS value equalled 2.7 for 

the case of the water surface at the pipe-overflow level and with the entire cross-section of the bund 

in a fully saturated state. However, the FOS value reduced to 0.93 for the case of an extended 

period of dry weather (unsaturated upper zone) that was followed by a torrential rainfall event. 

Metrological records indicated that a torrential rainfall event had occurred at the Raheenmore site 

shortly before the December 1998 slip-failure and this event had been preceded by an extended 

period of dry weather. It is important to note that a slope analysis which assumed a Bishop-type 

circular slip failure yielded a FOS value of 1.12, overestimating the true FOS value against slope 

instability by 21% for the worst case loading scenario. The possibility of higher uplift pressures 

acting beneath the bund (due to preferential flow pathways through the bog foundation) may have 

reduced the FOS value even further (Gill, 2005). 



5 IMPROVED GEOTECHNICAL DESIGN FOR PEAT BUNDS 

From inspection of van Baars calculation method, the FOS value on slope instability can be 

increased by increasing the base width (in relation to the height) of the bund, which lengthens the 

potential slip surface and increases the weight of the bund itself, thereby increasing the ultimate 

horizontal shear resistance. The FOS value against a Bishop-type circular slip failure will also be 

significantly increased. The first series of bunds were re-analysed using the van Baars method and, 

where necessary, were strengthened in the field by driving wooden piles (about 5 m in length) 

vertically though the bunds into the underlying bog foundation. 

A cascade system can be used to pond surface water over an area of more steeply sloping 

ground, Fig. 5. In this manner, the bog surface area under treatment can be completely submerged 

but the destabilising horizontal force (Phor, Fig. 4) is maintained sufficiently low. 

 

 

 

Figure 5. Cascade system used for treating steeply sloping ground. 

 

 
 

 

 

(b) Strengthened cross section. 

Figure 6. Second series of parapet bunds constructed at Raheenmore bog reserve (Bennett, 1998). 
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A second series of concentric parapet bunds (306 m in length and between 0.5 and 1.0 m in height, 

Fig. 6(a)) were constructed in 1997 along a cutaway section where peat had been harvested in the 

past at the northern perimeter of the Raheenmore bog reserve. These bunds were designed using the 

van Baars method and using the experience gained in constructing the first series of bunds at the 

site in 1994 and 1995. 
The bunds were constructed using highly decomposed (H7 to H8) peat material that had been 

sourced locally and allowed to naturally air dry. The material was placed in lifts and compacted by 
tracking with machine plant. The rate of groundwater seepage beneath the bunds was reduced by 
installing a high-density plastic membrane, which extended from the heal of the bund into the 
underlying, low-permeability clay stratum. 

6 EFFECTIVENESS OF PARAPET BUNDS IN RE-ESTABLISHING 

GROUNDWATER BALANCE 

Long-term monitoring of the morphology and hydrology at the Raheenmore site (Bennett, 1998; 

Kawisso, 2003; O’Kelly, Johnston and Kawisso, 2007) has shown that the parapet bunds have 

performed satisfactorily in terms of geotechnical stability and that the natural groundwater balance 

is being gradually restored. A topographic survey carried out in 2003 using the real-time kinetic 

global positioning system (six years after the construction of the bunds) indicated that the bog 

surface in the areas behind the bunds had steadily risen in elevation by as much as 1.0 m over that 

period. Furthermore, the indigenous Sphagnum mosses had already begun to re-colonise and infill 

along the edges of the ponded water. Over time, complete infilling of the ponds would lead to the 

creation of new peat layers. 

7 SUMMARY AND CONCLUSIONS 

A case study has been presented in which a series of parapet bunds were successfully used in the 
restoration of the lag zone (natural marginal drainage channel) around the perimeter of a raised bog 
reserve. The surface water retained behind these bunds (ranging between 0.5 and 3.0 m in height) 
restored the natural bog hydrology, thereby arresting the propagation of the subsidence trough 
towards the central plateau of the bog. Topographical surveys showed that the ground surface in the 
areas behind the bunds had steadily risen in elevation by as much as 1.0 m over a six-year period. 
The re-saturation of the growing layer causes the reconsolidation (and over time, the infilling) of 
the pond areas by indigenous Sphagnum mosses. 

The bunds were constructed using locally sourced, air-dried peat material, which was placed in 
lifts and compacted by tracking with machine plant. A translational slip failure involving the 
horizontal displacement of a large, intact block of peat is the critical case for geotechnical 
instability. The design method along the lines of that presented by van Baars (2005) must consider 
the effects of a sudden increase in the hydraulic pressure acting behind the bund (due to rising 
water levels during a torrential rainfall event), combined with drying out of the peat material near 
the crest during a preceding period of dry weather. Designs based on the traditional Bishop-type 
circular slip failure are generally unconservative and overestimated the true factor of safety (FOS) 
value by 21% in the case of a 3-m high peat bund. 

The FOS value on slope instability can be increased by: (i) increasing the overall base width (in 
relation to the height) of the bund; (ii) driving wooden piles though the bund into the underlying 
bog foundation; (iii) installing a high-density plastic membrane that extends from the heal of the 
bund, through the bog foundation and into an underlying, low-permeability stratum. A cascade 
system can be used to pond surface water over an area of more steeply sloping ground. 
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