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Abstract

Agricultural land drainage is one of a number of critical components to sustaining
food production on poorly drained mineral soils. The key to efficient and consistent
drainage system performance is an appropriate type and size of envelope material
to surround the in-field drainage pipe that matches soil characteristics. The drain
envelope must offer proficiency in a number of functions, such as protecting the
pipe from excessive sedimentation and reducing water entry resistance around the
pipe and surrounding soil. An efficient drainage envelope must perform well from
both filtration and hydraulic perspectives. In Ireland, guidelines on aggregate size
ranges that perform well from both filtration and hydraulic perspectives were never
formally tested under scientific conditions. Such guidelines were based on the local
availability of aggregates and stemmed from practical experience and localised
field observations. In addition, alternative envelope materials (e.g., synthetic) are
coming to market in Ireland. These have been used by landowners but remain
untested in heavy-textured mineral soil. Indeed, there have been no experiments
that compare filtration and hydraulic performance together with costs for various

envelope types in Ireland.

Therefore, the aims of this study were to: (1) quantify the size, type and popularity
of aggregates supplied for use in agricultural land drainage systems, and to evaluate
their suitability for use in mineral soils (2) provide guidance for contractors and
farmers on the selection of suitable aggregate material, taking cognisance of
performance, cost and lifespan (3) assess the hydraulic and filter performance of
different drainage stone aggregates to elucidate an optimum size range for use in
clay-textured soils, and (4) investigate the suitability of synthetic envelopes as an

alternative to, or used in conjunction with, stone aggregate in clay-textured soils.

Before the experimental phase of the work, the availability of stone aggregate used
for land drainage works was established. A national survey was conducted across
eighty-six quarries throughout Ireland to gather data on quarry distribution,
aggregate type, sizes, popularity, and availability, and determine their suitability
based on existing filter design criteria. The results indicated that limestone and
river-run gravel (80% of all lithologies available at quarries) are widespread

throughout the country. The quarry aggregate sizes changed across lithology and



region and were, in most cases, larger than what is currently recommended by
Ireland’s national agricultural research and advisory agency, Teagasc, (10 to 40
mm) for agricultural land drainage. The suitability of these aggregates as drainage
envelopes in five soils of different textures was evaluated using three established
design criteria. It was found that most of the aggregate in use is too large for heavy

soil textures and is therefore unsuitable as drainage envelope material.

Laboratory experiments were designed and conducted to quantify aggregate and
synthetic envelope filter and hydraulic performance in clay-textured mineral soils
using various aggregate and synthetic envelope configurations. The results
indicated that only aggregates in the 0.7 to 19 mm size range performed adequately
from both the filtration and hydraulic perspectives and were deemed suitable for
use with a clay-textured soil. Based on this study, the use of synthetic envelopes,
either alone or in combination with stone aggregate, is not recommended in Ireland,

from both performance and cost perspectives.
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Chapter 1 — Introduction

1.1 Overview

Artificial underground drainage in agriculture plays an important role in the
removal of excess surface and subsurface water from poorly drained, heavy
textured soils. Drainage of mineral soils supports increased production and,
together with other technologies and optimised soil fertility, facilitates productive
grasslands (Tuohy et al., 2018a). The removal of excess water in mineral soils has
many benefits, including increased trafficability and crop yield, reduced surface
runoff, improved soil structure, and reduced greenhouse gas (GHG) and phosphorus
(P) losses (Daly et al., 2017). Negative aspects include loss of the attenuation
capacity of the soil profile, with nitrogen (N), dissolved reactive phosphorus (DRP),
and sediment losses occurring in this drainage water (Ibrahim et al., 2013; Moloney
et al., 2020).

The drain envelope has typically three main roles: filtration of sediment, hydraulic
function (facilitation of water movement to the drain), and support (to prevent
damage to the pipe wall). Envelope materials may be composed of mineral, organic
or synthetic materials. The material used is typically guided by availability, relative
cost and established criteria in a specific country. In the Republic of Ireland, for
example, mineral aggregate (crushed stone and river-run gravel) is selected on the
basis of cost, availability and convenience, and not on established design criteria or

its appropriateness for a given soil texture (Teagasc, 2022).

1.2 Knowledge gaps
This study aims to address several key gaps in envelope design in clay-textured

soils in Ireland:

e The distribution, type, popularity, size, and availability of aggregate for
drainage envelopes are currently unknown. An aggregate gradation of 10 to
40 mm has been recommended based on field observations (Teagasc, 2022),
but the facility to apply these recommendations throughout the country is
unknown.

e Most of the detailed drainage research in Ireland was carried out from the

1960-1980s, with very little research since then being carried out before the

1



introduction of the Teagasc Heavy Soils Programme in 2011. Many of the
problems associated with drainage in Ireland currently are the same as those
encountered in the research in the 1960-1980s. No research has been carried
out on the availability and suitability of envelope systems in Ireland.

¢ While numerous specifications are available to determine suitable aggregate
gradations for specific soil textures, these specifications are not consistent,
and the suitability of various aggregate gradations for use with standard

corrugated pipes is unknown.

1.3 Research aims

The overall objective of this study was to establish guidelines on the performance,
cost, and lifespan of a range of envelope materials used in agricultural land drainage
systems by examining the availability of currently available stone aggregate,
assessing the hydraulic and filter performance of these currently available
aggregates, and investigating synthetic envelopes as an alternative or complement

to stone aggregate.
Specific Objectives:

e Determine the distribution, type, popularity, size, and availability of river-
run gravel and crushed stone for use in land drainage systems and their

suitability for heavy textured mineral soils in Ireland.

e Assess the hydraulic and filter performance of different drainage stone

aggregates to elucidate an optimum size range for use in clay-textured soils.

¢ Investigate the suitability of synthetic envelopes as an alternative to, or used

in conjunction with, stone aggregate in clay-textured soils.

1.4 Thesis structure and objectives

The thesis contains six chapters (Figure 1.1). Chapter 2 reviews the development of
land drainage, drainage system materials, and drainage system design both
internationally and within Ireland. It then provides further detail on the different

types of drainage systems employed and the situations in which they should be



applied. Chapter 3 describes the distribution, type, popularity, size, and availability
of river-run gravel and crushed stone for use in land drainage systems and their
suitability for mineral soils in Ireland. Chapter 4 assesses the hydraulic and filter
performance of different drainage stone aggregates to elucidate an optimum size
range for use in clay-textured soils. Chapter 5 investigates the suitability of
synthetic envelopes as an alternative or complement to stone aggregate in clay-
textured soils in Ireland. Chapter 6 discusses the overall conclusions of the thesis,

along with recommendations for future work.

Chapter 1 - Introduction

l

Chapter 2 - Literature Review

Chapter 3 - The distribution,
type. popularity, size and
availability of river-run gravel
~———— | and crushed stone for use in
land drainage systems, and
their suitability for mineral
soils in Ireland (Byrneet al.,

2022)
Chapter 4 - Assessment of the Chapter 5 - Investigating the
hydraulic and filter performance of suitability of synthetic envelopes
different drainage stone aggregates to | as an alternative or compliment to
elucidate an optimum size range for stone aggregate in clay-textured
use in clay-textured soils (Byrne et al., solls in Ireland (Byrneet al.,
2023a) 2023b)

Chapter 6 - General
Discussion and
Conclusions

Figure 1.1 Flow chart for the thesis.
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Chapter 2 — Literature Review
2.1 Overview
The land use, soil types and current and historical drainage systems used in Ireland
are reviewed in this chapter, highlighting the problems associated with the
implementation of envelope design criteria and the shortcomings of currently used
drainage envelope systems in Ireland.

2.2 Agricultural land use in Ireland

Agricultural land in Ireland accounts for 68% of the national land cover.
Pastureland is the main agricultural class in Ireland (55% of the national land cover)
(EPA, 2018). Food Wise 2025, an initiative set up by the Department of
Agriculture, Food and the Marine, aims to grow food exports to €19bn by 2025
while increasing agricultural sustainability. Food Wise aims to increase the
grassland utilisation on livestock farms by 2 t/ha (circa 20-30% yield increase)
while maintaining sustainable practices (DAFM, 2015). Food Vision 2030, the new
replacement strategy to guide the agri-food industry until 2030, places economic

and environmental sustainability at the forefront of future policy (DAFM, 2021).

Draining wet mineral soils in Ireland can contribute to environmental sustainability
by potentially abating 0.2 MTCO2e (metric tons of carbon dioxide equivalent), as
nitrous oxide (N20) is highest in saturated soils (by draining 20% of grassland)
(Lanigan and Donnellan, 2019). This is a key component of the Marginal Abetment
Cost Curve, a strategy formulated by Teagasc (the National Agriculture and Food
Authority in Ireland) to reduce methane (CH4) and N2O emissions in lrish
agriculture (Lanigan and Donnellan, 2019). Increased economic sustainability is
also achieved by an extended grazing season and increased grass growth in soils
where the drainage class is predominately imperfectly or poorly drained.
Environmental sustainability can be achieved through reduced CH4 emissions due
to improved manure management practices associated with an extended grazing

season (Lanigan and Donnellan, 2019).



2.3 Irish soils and climate

Agricultural drainage conditions worldwide can be broadly grouped into three
zones: the temperate zone, the semi-arid tropical zone, and the semi-humid tropical
zone (Vlotman et al., 2020). Ireland is within the temperate zone, where the main
role of drainage is to prevent waterlogging due to excess water from surplus rainfall
and provide good trafficability conditions for farm machinery (Schultz et al., 2007).
Soil drainage problems in Ireland have been well documented (Galvin, 1971).
Seepage and springs (38%), impermeable soils (31%), and high-water table (24%),
were found to be the main issues (Galvin, 1966; Galvin, 1969; Galvin, 1971). The
main soil class with poor drainage characteristics are gley soils (poorly drained
Luvisols and Podzols), which are mainly slow-draining and have high silt and clay
contents. Gley soils are divided into two main groups: surface and groundwater
gleys (Figure 2.1). Surface water gleys have perched water tables with an
impermeable layer in the top 40 cm that does not allow the vertical movement of
water through the soil. Groundwater gleys are caused by a high-water table close to
the surface of the ground in low-lying topography that may either have free-

draining or impervious layers on top (Mulqueen, 1998).

Average annual Irish rainfall is approximately 1230 mm (1981 — 2020) (Figure 2.2).
The driest months are April through July, with an average of 80 mm each month,
while October through January average approximately 130 mm (Walsh, 2012). The
main impacts of climate change on Ireland will result in increased rainfall intensity
with expected decreases in rainfall in the spring and summer periods, while
increased rainfall will be observed during the winter and autumn months, and
greater rainfall will occur in the west and less rainfall will occur in the east (Nolan
et al., 2017; Nolan and Flanagan, 2020). Increased rainfall intensity has been
identified as a constraint to achieving agricultural productivity and environmental
targets. Figure 2.3 shows the annual average actual evapotranspiration and annual
average soil moisture deficit Ireland (EPA, 2019). Escalations in rainfall intensity
will likely result in increased trafficability issues and reduced yields (Kiely, 1999).
To reduce problems associated with excess water, effective and site-specific land
drainage design is required to achieve adequate discharge levels from a particular
soil (Tuohy et al., 2018b).



Figure 2.1 Surface (left) and Groundwater gleys (right).
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Figure 2.2 Mean annual rainfall in Ireland, 1981-2010 (Met
Eireann, 2012).
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Figure 2.3 Annual average actual evapotranspiration and annual average soil
moisture deficit Ireland (EPA, 2019).

2.4 History of land drainage in Ireland and abroad

In Ireland, agricultural land drainage is mainly undertaken by two governmental
bodies and by farmers on a field-scale level. The Office of Public Works (OPW)
carries out arterial drainage by developing main channels across low-lying areas,
while field-scale drainage is carried out by farmers with advice on field drainage
from Teagasc (formerly An Foras Taluntais) (Galvin, 1966; Ryan, 1986). Table 2.1
shows the approximate area drained across Ireland from the period of 1842 to 1979.
From 1842 to 1949, the OPW worked primarily on the arterial drainage of low-
lying river catchments and tributaries. Notable acts within this period were the 1842
Drainage and Navigation Act (115 schemes and 101,200 ha drained) and the 1945
Arterial Drainage Act (34 schemes and 262,800 ha drained).



Table 2.1 The approximate area drained by each drainage scheme from 1842 to
1979 (Burdon, 1986).

Approximate Area Drained

Date Title of the Act iﬁr:nt;i; of :;r;zr;tage

Hectares island of
Ireland

1842 (Dlzaaig‘f‘g%a”d Navigation 115 101,200 1.46%

1863 a:;'rgi%emae”ni '(‘1?;3_9 2 63 52,500 0.76%

1866 Maintenance of Drainage - - -

1924 Maintenance of Drainage - - -

1925 Arterial Drainage 51 17,500 0.25%

1926 Owenmore Drainage 1 52,400 0.76%

1927 Barrow Drainage - - -

1928 Arterial Drainage (Minor) - - -

1929 Arterial Drainage - - -

1929 Arterial Drainage (amendment) - - -

1945 Arterial Drainage 34 262,800 3.81%

1946 Bord Na Mona - 93,080 1.35%

1949 Land Reclamation - 1,168,600 16.96%

1974 Farm Modernization Scheme - 202,350 2.94%

1977 Water Pollution - - -

1979 Western Drainage Scheme - 80,940 1.17%

Total drained under 10 acts/schemes 2,031,370
Total area of island of Ireland 6,890,000
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% drained under the acts/schemes 29.3%

The 1949 Land Rehabilitation Project, a scheme set up by the Department of
Agriculture, provided financial aid for drainage works on farms. During this period,
an estimated 1.2 million hectares were drained. It was estimated that at least half of
Ireland’s land required either arterial or field drainage. By 1986, an estimated 60%
of this had been completed, but drainage in some areas was not satisfactory, and
additional measures were required (Burdon, 1986). After these measures, the first
state-sponsored drainage schemes were conducted, where research initially focused
on peat soils and subsequently on mineral soils. Peat drainage research mainly

focused on drain spacing and water table control measures (Burke, 1961).

Research into the various drainage problems associated with mineral soils focused
on the initial assessment of the problems encountered throughout Ireland. The
problems encountered varied depending on the region, but the main sources of
drainage problems were seepage and springs, impervious soils, and the water table.
Additionally, it was determined that many of the drainage tiles installed under
previous national schemes were either blocked or broken (43% on average) (Galvin,
1971). Galvin (1983) showed that both clay tile and plastic pipes were in use with
a range of envelope materials. In clay tile drains, no envelope was used in most
cases, with topsoil placed on top. Where plastic pipes were installed, an equal

percentage of topsoil, organic materials, and stone aggregate was used.

After the assessment of drainage problems throughout Ireland, further research
mainly focused on specific drainage research for shallow drainage systems, such as
the advancement of mole and gravel mole systems, and the efficiency of these
systems (Galvin, 1986; Mulqueen, 1985). In Europe and the United States during
this time, considerable research was being conducted on envelope and pipe drain
efficiency (1960s — late 1980s). Design criteria for mineral granular envelopes (the
first generation of envelopes) were developed and have been successfully applied
(Stuyt et al., 2005; Terzaghi and Peck, 1961; Willardson, 1974). While much of the
envelope materials used in Ireland during this time (and currently) belong to this

first generation of envelopes, no research was undertaken to determine the
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suitability of envelopes for Irish soil textures, and the design criteria developed

were never formally adopted in Ireland.

Internationally, due to the high cost of granular envelopes, their high installation
cost, and the scarcity or non-existence of suitable granular material, alternative
envelope materials were sought. Initially, these alternative materials were organic
fibres such as various crop residues or peat (organic materials were applied in
Ireland in small quantities). Following this, materials were produced in strip form
(organic or inorganic) and were laid down on top of the pipe (the second generation
of envelopes). Organic envelope use has become widespread, but due to their
susceptibility to microbiological decomposition, alternative materials were sought.
Synthetic envelopes (the third generation of envelopes), made from synthetic fibres,
gained popularity quite quickly, and their use is now commonplace in Europe and
North America (Ghane et al., 2022). Synthetic envelopes are either loose synthetic
fibres wrapped around a drainpipe or strips of thin geotextile material wrapped
around the drainpipe (Stuyt et al., 2005; Yannopoulos et al., 2020). While the
development of drain envelope materials from the 1960s to the present day occurred
throughout Europe and North America, the development of drain envelope
materials in Ireland never developed beyond granular envelopes (and, in smaller

quantities, loose organic materials).

The development of land drainage system design had stalled since the late 1980s
until the launch of the Heavy Soil Research Programme in 2011 (Teagasc, 2021).
Drainage research conducted during this time mainly focused on mole (and gravel
mole) drains (Tuohy et al., 2016a; Tuohy et al., 2018b) and on improving the
performance and efficiency of drainage systems (Tuohy et al., 2016b; Tuohy et al.,
2018a; Tuohy et al., 2021).

2.4.1 Drainage system types

The most widely used definition for drainage is the removal of excess surface and
groundwater from any area. This may occur naturally or by virtue of man-made
surface or subsurface conduits (International Commission on Irrigation and
Drainage (ICID, 1996; Schultz et al., 2007). Man-made drainage systems can be

divided into four groups: field systems, main systems, interceptor systems, and
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outfalls. These four groups are divided into two system types of subsurface drainage
and surface/shallow drainage systems. Subsurface drainage can be defined as
drainage, either natural or artificial, beneath the surface of the earth (Framji et al.,
1987; Schultz, 1990). They are used in soil where excess water is able to infiltrate
to the water table and then move as groundwater flow through the
subsoil/substratum to the drains. Surface/shallow drainage systems are used where
the infiltration of excess water is impeded at the surface or at a shallow depth in the
root zone due to the presence of a poorly permeable layer (Oosterbaan and Nijland,
1994; Vlotman et al., 2020).

2.4.2 Research on heavy soil textures

In 2011, the Teagasc Heavy Soils Programme was established to develop a network
of dairy farms on poorly drained, clay-textured soils as a means of testing strategies
and management practices that could be implemented to improve the efficiency and
performance of these poorly drained, clay-textured soil types. Thirty percent of Irish
milk is produced on poorly drained soil in Ireland (O’Loughlin et al., 2012). The
main areas within the programme are land drainage design, soil characterisation and
land management, soil fertility and nutrient use efficiency, grassland management,
and farm infrastructure (Teagasc, 2021). Across the 10 farms involved in the
programme, milk solids per hectare have increased from 850 kg per hectare in 2011
to 1,405 kg/Ha in 2020, an increase of 65%, showing the clear benefit of the
programme for implementing strategies and practices on poorly drained soils. The
introduction of the programme highlighted a need for guidance in the
implementation of drainage. In 2013, the Teagasc Manual on Drainage and Soil
Management was published, which acted as a best practice manual for Ireland’s
farmers (Teagasc, 2013). A second edition of this was published in 2022 (Teagasc,
2022), including all the additional insight gained after 10 years of the Heavy Soils

Programme.

The main lessons learned in the Heavy Soils Programme, from a land drainage point
of view, were: the need to determine the soil drainage characteristics by carrying
out a site and soil test pit investigation (visual drainage assessment (VDA)); the
drainage method employed (shallow or groundwater system) should be determined
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by the presence or absence of a permeable soil layer identified during the VDA,
drains are not effective unless they are placed in a permeable soil layer or
complementary measures (mole drainage, sub-soiling etc.) are used to improve soil
drainage capacity; and most of the stone used for land drainage is too big, with an
optimum size range of aggregates being 10 to 40 mm (Teagasc, 2022). Regardless
of the drainage method employed, a clear understanding of the soil parameters and
properties is needed at a field-scale, and this can only be determined through a VDA

prior to the commencement of drainage works.

2.5 Drainage systems

2.5.1 Drainage design procedure and visual drainage assessment

Prior to any drainage design procedure being undertaken, there is a need to conduct
a soil survey to assess the soil’s physical and hydrological properties on a field
scale. Other important assessment criteria include topography, which plays a part
in the design of subsurface drainage systems to determine alignment, grade, and
overland relief; climate conditions within the area and water table determination, as
information on real or perched water table depth is usually not determined in

standard soil surveys (Vlotman et al., 2020).

When conducting drainage works, laboratory analysis is typically used to determine
soil physical properties, but this method can be costly or time-consuming. Tuohy et
al. (2016b) developed a VDA that relies on making an approximation of the
permeability of different soil horizons using seven key indicators (water seepage,
pan layers, texture, porosity, consistency, stone content, and root development). A
design based on visual indicators would allow for the design of a drainage system
at the lowest possible cost. When compared to an ideal design (that used soil
physical measurements) and a standard design that used a model (that estimated
water table control and drain discharge capacity), the VDA-based design performed
equally well as the ideal system and significantly better than the standard system
(Vlotman et al., 2020). The system designed depends on both the soil’s physical
properties and the permeability of soil horizons. If a soil horizon at any depth has a
permeable layer, then a groundwater system is used. If there is no permeable layer
present throughout the soil horizon, then a shallow drainage system is used.
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2.5.2 Main drainage systems

Main drains are typically made up of open drains (typically VV-shaped) placed at the
edge of fields that discharge water to streams or rivers. They receive water from
field drain systems (open and closed collector drains and subsurface drains), surface
runoff, and groundwater (depending on the height of the water table and the soil’s
hydraulic conductivity) (Figure 2.4). Many of these main drainage systems were
developed by the OPW in the arterial drainage schemes undertaken from 1842 to
1979 (see Section 2.4).

Main drajp

Branch

. drain
River,

lake or
sea

@ Vain drain
ﬂ Submain drain
———= Branch drain
———g= Collector drain
—— ¢ Field drain

B Outlet

Figure 2.4 An overview of a drainage system featuring a main drainage system
and field drainage (Schultz et al., 2007).

2.5.3 Groundwater drainage systems

A groundwater drainage system lowers the water table, allowing more water to
infiltrate into the soil above, where free-draining soil exists throughout the soil
profile, but the groundwater table is close enough to the surface to inhibit farmland
activities and grass/crop growth. This system design is straightforward and drain
spacing can be based on theoretical formulae (e.g., Hooghoudt) (Vlotman et al.,
2020). Permeable layers in the soil facilitate the removal of water from the soil

profile and lower the groundwater table (Figure 2.5). If the soil contains a
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permeable layer, a groundwater drainage system can be installed (Teagasc, 2022).
The use of a drainage envelope helps in increasing the area of the groundwater
drawdown in the surrounding soil. A drainage envelope also helps to reduce the
entrance head loss by slowing the water as it converges towards the drainage pipe.
By reducing the entrance head loss of water, the effective radius of an envelope is
increased (Ghane, 2022).

Furthermore, groundwater drainage systems can be used on hilly terrain where
seepage of groundwater onto the soil surface occurs because of groundwater and
topography interaction (Figure 2.6). It can be applied locally to intercept this
seepage of groundwater and direct its flow into a drainage system that is discharged
into the main drains. Groundwater systems use a series of regular open drains or a
series of subsurface drains. Subsurface drains are now more common due to the
difficulties of machinery use with open drain systems (FAO, 1985). All three types
of envelope materials (mineral granular, organic, and synthetic) can be utilised in
this system. No additional soil disturbance measures are required in this system type

due to the presence of a permeable soil layer (VVlotman et al., 2020).
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Figure 2.5 Control of the groundwater table with open drain and subsurface drain
systems (FAO, 1985).
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Figure 2.6 Interceptor drain used to control the flow and spread of water downhill
on hilly terrain (Agriculture Victoria, 2023).
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2.5.4 Shallow drainage systems

Shallow drainage systems are installed where there is no permeable layer in the soil
profile at any depth. Soil permeability is low throughout the soil profile, and excess
water cannot flow through these low-permeability layers. Shallow subsurface
drains installed (up to 100 cm depth) in low-permeability soils mainly collect
surface water, while very little water from the surrounding soil is collected unless
new pathways for water in the soil are created using complementary measures to

increase the soil’s permeability (Figure 2.7).

A well laid pipe drain system
is essential as an outlet for the

A larger spacing —
a higher chance of failure
~but a lower cost.

Figure 2.7 Shallow drainage system design (Teagasc, 2013).

Measures taken to improve soil permeability in these soils include mole drainage,
gravel mole drainage, sub-soiling, and land forming. Mole drainage is a process of
improving soil permeability by fracturing the soil with the use of a mole plough
(torpedo-like cylindrical foot attached to a narrow leg, with a wider expander
following behind). The mole plough creates a zone of increased permeability
through fracturing and a channel through which the water can flow. The mole
channel transfers the water to a pipe collector, which usually runs at right angles to
the mole channel. Mole drains are suitable only in heavy-textured soils (Figure 2.8).
Their applicability in other soil textured are increased using gravel mole drainage,
where gravel is placed into the mole channel to keep this channel from collapsing

and increase their lifespan (Teagasc, 2022).

The envelope system is used to provide initial sediment filtration in shallow
drainage systems with low-permeability soils. When settlement has occurred, the

envelope acts to improve the flow of water into the drainpipe. A larger envelope
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radius is used to both improve the flow of water into the drainpipe, reduce the
resistance of water movement from soil to the pipe and to provide a direct
connection between the complementary measures (mole drainage, gravel mole
drainage, and sub-soiling) and the drainpipe, and to increase soil permeability and
water movement through the soil. Mineral or organic envelopes are only suitable
for shallow drainage systems with complementary measures due to the damage that
would occur to the envelope system when using synthetic envelope systems and

mole ploughs or sub-soilers.

100 90 80 70 60 50 40 30 20 10
- Percent sand

Soils that are very suitable for mole drainage
Soils that may be suitable for mole drainage
Soils unsuitable for male drainage

Figure 2.8 Mole drainage suitability depending on
soil texture (Teagasc, 2022).

2.5.5 Drainage installation methods

A number of drainage installation methods are employed for various purposes but
can be subdivided into trenched and trenchless methods. The most common and
simple trenched method is the manual trench and backfill method, which involves
the trench being dug to the required depth with either a square or VV-shaped bucket.
The appropriate pipe and envelope material are then installed into the trench, and
the excavated backfill is subsequently replaced back on top of the drainage system.

Commonly used installation methods comprise using only the chain trencher to
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install the drainage pipe, on its own or prewrapped in geotextile materials, or the
drainage pipe followed by a gravel hopper, depending on the machine and envelope
materials used (Figure 2.9). A machine is required to fill in the backfill

subsequently.

Figure 2.9 Chain trencher machine installing prewrapped
geotextile (PLM) drainpipe (Mastenbroek, 2022).

Trenchless methods of installation are faster, cheaper, and have become popular
where extensive drainage installation is undertaken due to the high initial cost of
machinery purchase and maintenance. They are typically installed with a plough
(slit or V-shaped) (Figure 2.10), where the drainage pipe, prewrapped drainage
pipe, or drainage pipe followed by a gravel hopper is used to install the envelope
system seamlessly into the ground with minimal soil disturbance. Salo et al. (2019)
investigated the difference between the performance of the trencher and trenchless
machines by observing groundwater levels for two years after installation. Both
methods used a filter fabric material, and the experimental setup was designed to
minimize the differences between the field sections to provide a comparison
between the trenched and trenchless methods. It was found that groundwater levels
were mainly higher in the trenchless drainage, but the differences were not great
enough to affect cultivation. However, the differences were more pronounced
during harvest (late summer) where the trenchless method had a lower drainage
performance than the trenched method (based on groundwater levels observed). The
method's effect was also more pronounced in finer soil textures. As most drainage
works in Ireland are carried out in finer-textured soils, the trenchless method of

installation may be less suitable when compared to a trenched method.

20



Figure 2.10 V-shaped trenchless drain plough (left) and vertical/ slit
plough (right) (Ritzema et al., 1996).

2.5.6 Artificial drainage: advantages and disadvantages

An effective land drainage system can increase crop yield and lower production
costs (Van der Molen et al., 2007). This is achieved by removing excess soil water
to reduce or eliminate waterlogging. This helps to improve soil aeration,
trafficability, soil structure, increase root development, and increase the length of
the growing season (O’Sullivan et al., 2015; Smedema et al., 2004; Vlotman et al.,
2020). Artificial drainage is typically considered as a method of removing excess
water from the soil but is now being adopted for its potential to both eliminate
waterlogging and increase nutrient use efficiency through the adoption of new
technologies in drainage (Parsinejad and Akram, 2018). Skaggs et al. (2009) have
indicated from findings from several studies that artificial drainage systems reduce
surface runoff by providing a higher water storage capacity in the soil by reducing
the groundwater level, which has beneficial effects for reduced sediment loss and
increased nutrient use efficiency. This role will become more important with
increasing rainfall intensity associated with climate change and the need for a more
effective water management strategy in western parts of Ireland where poor
drainage classes are predominant (Deelstra, 2015; EPA, 2007; Ritzema and Stuyt,
2015; Tuohy et al., 2016a).

Drainage can have both positive and negative effects on the hydrology and water
quality, and now it must be designed to consider both agricultural and
environmental goals (Skaggs et al., 2009). Nutrient losses from agricultural land
are mainly concerned with P and N losses (Moloney et al., 2020; Valbuena-

Parralego et al., 2019). Phosphorus losses mainly occur through losses related to
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overland flow. Losses are mainly associated with the timing of P application and
high rainfall event-related losses, which play a major role in total P losses (Hart et
al., 2004). A study conducted by Valbuena-Parralejo et al. (2019a) on the effect of
P and N in soils with high clay contents where mole and gravel-mole systems were
implemented showed that soil permeability was enhanced, decreasing overland
flow and increasing soil P sorption, which decreased total P and DRP losses.
Nitrogen losses from agricultural land in relation to drainage can be divided into
losses due to gaseous emissions and losses to groundwater. Draining saturated clay
soils from excess rainfall or high groundwater levels reduces N2O and nitrogen gas
emissions that occur from denitrification to about 65% of the undrained soil
(Colbourn and Harper, 2006).

Losses to groundwater from shallow mole and gravel-mole drainage systems
showed increased losses of nitrate-N and ammonium-N in drainage flow and also
in losses to groundwater (Valbuena-Parralego et al., 2019a). Similar findings were
found in Clagnan et al. (2018), where shallow drainage systems could potentially
result in increased water quality impacts from nutrient loading in drainage.
Valbuena-Parralejo et al. (2019b) found that following the installation of mole and
gravel-mole drainage, there was no impact on soil greenhouse gas fluxes. Currently,
much of the drainage research emphasis is being placed on edge of field and
drainage ditch practices to help mitigate some of the negative effects associated
with nutrient losses from drainage systems (SWCS, 2022). Measures taken can
relate to the reduction of N (Faust et al., 2016; Faust et al., 2020), P (Dantas Mendes,
2020), or both (Taylor et al., 2020) from discharge waters.

2.6 Drainage envelope design

2.6.1 The need for a drain envelope

A drainage envelope has three primary functions: filtration, improving permeability
around the drain, and a mechanical and bedding function (mainly associated with
aggregate envelopes). The ‘filtration’ performance (or bridging factor) of an
envelope should function to prevent large quantities of soil particles from entering
the drainpipe and envelope system. A drain envelope acting as a true filter would
impede all particles from entering the drainpipe and envelope and would eventually
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become clogged where particles are deposited on or in the envelope. Therefore, the
envelope should function to allow small quantities of soil particles to pass through

the envelope without causing clogging (Stuyt et al., 2005; Vlotman et al., 2020).

As the water moves towards the drain, it converges through a small area of
drainpipe perforation openings and the hydraulic pressure increases (“exit gradient”
or “approach flow resistance” are terms used to describe the pressure difference
between the soil immediately beside the envelope system and the pressure within
the drainpipe). This drain envelope increases the permeability directly around the
drainpipe and, by reducing large cavity sizes around the drainpipe (by increasing
soil-gravel and gravel-pipe contact), also helps to improve and slow the flow of
water to the drainpipe (“approach flow resistance™). The envelope also provides a
mechanical function, which provides support for the pipe and prevents damage to
the pipe due to soil load. The bedding function provides a base to prevent vertical
movement of the drainpipe due to soil load, which can affect gradients in the pipe
and the flow of water through it (Vlotman et al., 2020).

Drain envelopes can be either designed to perform a filter function (or bridging
factor) or a hydraulic function. A combination of the two functions is typically
applied, so an effective envelope should be designed to limit sediment incursion
into the envelope while maximising the hydraulic function, but, over time,
movement of sediment into the envelope may fill pores and partially or fully block
openings. Because of this, a reduction of hydraulic conductivity may be observed
over time (Stuyt et al., 2005). In most cases, a drain envelope is intended to act as
a filter, preventing excessive incursion of non-cohesive or weakly cohesive soils
into the drainpipe, and aids in preventing excessive incursion of sediment into the
envelope. In soils with a high clay content, envelopes are installed to increase the
hydraulic function of the drainpipe (commonly employed in Irish soil types). Other
factors, such as the installation conditions of the drain, also affect the need for a
drainage envelope. Dry, loose overburden can result in the initial movement of the
soil into the envelope before consolidation has occurred. The decision to install an
envelope in a particular soil type is usually based on local experience (Vlotman et
al., 2000).
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Various design criteria have been developed in an attempt to simplify and determine
if certain soil types need an envelope. These criteria were primarily developed
based on the filter function of the envelope. Stuyt et al. (2005) outline these
guidelines and discuss the various factors (soil texture, structural stability, moisture
content, and chemical properties of the soil) involved in determining the need for a
drain envelope. In cohesionless or weakly cohesive soils, envelopes are
recommended and are typically determined using the plasticity index (resistance to
mechanical deformation and rupture) and the coefficient of uniformity (a metric
determining the distribution of sand, silt, and clay). Envelope selection should be
determined based on the filtration capabilities of the envelope for these soils (as a
priority). In cohesive heavy clay soils, envelopes are not needed where the clay
percentage is >60% (or 25-30% in humid climates) (Vlotman et al., 2020). In the
Netherlands, a 25% limit is accepted (Stuyt et al., 2005), while in Egypt it should
be at least 30% (Vlotman et al., 2020).

The design criteria for clay-textured soils are based on the filtration function only
and do not consider the hydraulic function of the envelope. These recommendations
are based only on the filtration function of the envelope, with local experience being
an important factor in their recommendation (Dierickx, 1993). ADHB (2018),
Bahceci et al. (2018), and Teagasc (2022) recommend the use of permeable backfill
(because local experience has indicated it is necessary), even in consolidated clay-
textured soils, to maintain the permeability in the drain trench and maintain an
increased effective radius, even as the permeability of the trench backfill reduces

over time.

The method of installation also has an effect on the need for a drainage envelope.
Where trenchless methods of installation occur, minimal disturbance of the soil
occurs, limiting changes in the bulk density of the soil (bulk density is a key
indicator of hydraulic conductivity in soil, affecting particle movement). In
trenched methods, bulk density can be significantly altered in the trenched
overburden. A study conducted by Chow et al. (1993) showed that bulk density was
affected by any installation method employed, but the bulk density in the disturbed
overburden was significantly higher than that of the undisturbed soil. This was
confirmed by Salo et al. (2019), who showed that both the drainage installation
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method (trenchless versus trenched) and the soil type were important factors in the
groundwater levels above the drain. The effect was more pronounced in finer soil
textures than in coarse soil textures, which was attributed to the finer textured soils'
greater transformation. The need for local or site-specific drainage solutions (Tuohy
et al., 2016b) was further highlighted in this study. With the transformation of these
soils, where trenchless methods of installation are primarily employed, the use of a
drainage envelope may still be required in heavy-textured Irish soils due to the
transformation of the soil overburden and potential associated sediment movement
that may occur, and to enable the increase of the hydraulic conductivity around the

drainpipe in these soils.

2.6.2 Envelope material selection

The selection of envelope materials depends on various factors such as availability,
cost, envelope function required (hydraulic or filter function), envelope thickness
required, handling characteristics of the envelope, danger of biochemical clogging,
climate conditions, drainage installation methods employed (trenched or
trenchless), and drainage system employed (groundwater or shallow). The use of
different envelope materials typically depends on the soil’s physical properties, but
in practice their selection is mainly based on their availability and cost (Stuyt et al.,
2005; Vlotman et al., 2020). Dierickx (1993) highlights the importance of the
exchange of information between countries based on previous research in
introducing new materials into an area to improve drainage performance. This is
particularly evident in the shift from aggregate to prewrapped drainpipes in Egypt,
where locally available synthetic materials were assessed (El-Sadany Salem et al.,
1995; Sallam, 2017).

The availability of envelope materials typically depends on the resources available
(an abundance of quarries to produce aggregate or manufacturing industries to
produce synthetic materials) in a particular country and the historic use of a
particular envelope material. In Ireland, aggregate quarries are abundant (ca. 350;
IFI, 2023), and aggregate has been used as a drainage envelope since the 1960s,
while in the Netherlands, aggregate is rare and has associated high transport costs
(Vlotman et al., 2001). In the past, organic prewrapped envelope materials were
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used, but these have been gradually replaced by voluminous synthetic envelopes
(Vlotman et al., 2020). Research on envelope systems can be broken into two main

groups: gravel envelope design criteria and synthetic envelope design criteria.

2.6.3 Aggregate envelope design criteria

The general method for selecting a suitable aggregate gradation involves
determining the particle size distribution of both the soil and envelope material, and
based on a set of criteria, their suitability is assessed (Dierickx, 1993). The initial
criteria were those developed by Terzaghi and Peck (1961) for the control of
seepage under a dam and were thereafter applied for envelopes around subsurface
drains. Much of the proceeding work on aggregate envelopes has been based on
these criteria and laboratory experiments. Dierickx (1993) combines all the various
existing criteria, as shown in Table 2.2. Dierickx (1993) makes note of how the
aggregate criteria from various sources do not match, even when the distinction
between the filter function and hydraulic function of the envelope is made. This is
attributed to uncertainties about aggregate specifications, the roundness or
angularity of the aggregate, the lack of uniform aggregate quality, segregation
during transportation, flowability in the supply tube, unequal distribution around
the drain, and the lack of aggregate according to the designed gradation curve.
These shortcomings show the need to determine the nature, specification, and
availability of aggregate, while also highlighting the need to determine aggregate
suitability based on local soil textures for drainage. One such study is that conducted
by Vlotman et al. (1993) on the selection and design criteria for granular envelopes
in Pakistan.

26



Table 2.2 Existing design criteria for gravel envelopes (Dierickx, 1993).

A. USBR-CRITERIA (Bhatti & Victman 19%0)
USRBR filter design (Karpodf, in Willardson 1974) for inverted filler with hydrsulic stroctures

Unifoem envelope (natural) Dyfdy, = 5-10
Graded envelope (maurs!) Dy/dy = 12-58
DJd, = 1230
Graded envelope (crushed cock) Dy/de = 930
Dy, = 6-1%
Greneenl Dyy = 80 mm 10 minimize segrogetion and beidping during placement
Dy = 0.07 = e prevemt movement of fines
Do, =05D,,  opening of draia perforation to be adjusted to fiter
material used
USER surrcund design (USBR 1978)
Lower limits (man) Uppec limits (num)
Baas soil . .
Limits for Percenage passing Peccenlage passing
dafom) Ti0 0 30 10 5 o 10 & % 10 5 o
00200050 952 200 081 033 030 007 3B10 1000 870 250 - 0.59
0.050-0.300 952 300 107 038 030 0074 3310 1200 1040 300 - 0.59
0.1000250 952 400 130 040 030 0074 3810 1500 1310 380 - 0.5%
0.250-1000 952 SO0 145 042 03 0074 3810 2000 1730 S.00 . 0.59
B. SCS-CRITERIA {Bhati & Victman 1990)
3CS grilena foc envelope (SCS 1971X*%)
Graded envelope D fdy, = 12-58 mizamal thickness 3°
D, = 0.25 mm 0.25 nam = sieve N* 60 (**)
D Jd, = 1240
Unifoem eavelope D, jdy < 5
Dy = 035D, o,
SCS eriteda foc fijter gradation (SCS 1988)
D, <74, bul not smaller than 0.6 mm
Dy > 4d,
Dy > 0.074 mm % pasung steve N* 200 loss than § %
SCS criteria for eavelope (suround) (SCS 198%)
Dy < 35,1 mam e whole sample should pass the sieve of 1.5°
Dy, > 025 aum F pasung sieve N° 60 Jess than 30 %
Dy > 0.074mm % passing sieve N® 200 leas than § %

C. UNITED KINGDOM ROAD RESEARCH LABORATORY CRITERLA (Spaldieg, in Boers & Vaa Someren 1979)

For filtration i. D, = 5d,,
2. Dy < 204,
3. Dy = 254y
For permeability 4.0, =5d,

Only for uniform soils (G, < 1.5) criterion | changesimto D,, % &dy
and for well-graded sails ((§ = 4) ¢ritedioa 2 changesin - D, < 40d,,
Dy = pecformtion width/0.83
D. DESIGN CRITERIA FOR DOWNSTREAM PROTECTION OF HYDRAULIC STRUCTURES (Bos 1978)

1, Homogeneous round grains (gravel) Dyyidys = 510

2. Homogeneous engular greies (broken gravel, rubble)  D,,/d,, = 6-20

3. Well-graded grains D,ld,, = 1240

4. To preveet clogging D, = 0.75 mm (0.00%)
Stability (oc preveotion of loss of fines)

1. Uniform soil Dyjdy < S

2. Homogeaeoas round grains (gravel) Dyfdy, = 510

3, Homogeneous angular greins (broken gravel, rubbde)  Did, = 10-30

4. Well-graded grains Dyldy = 12-60

(%) Superceded by more recently published SCS standards (SCS 1988)
(**) Sieve numbers refer to standaed sieve set of the US
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2.6.4 Synthetic envelope design criteria

The synthetic envelope design criterion is primarily based on the filter criterion (or
bridging factor), which specifies an Ox/dx ratio value (for which O is the
characteristic pore size of the envelope, d is the characteristic textural size of the
soil material and x is percentage value of the characteristic pore size or
characteristic textural size). This ratio value is typically Ogo/dgoo, for which 90
percent of the envelope pores are smaller (Ogo) and dgo, in which 90 percent of the
soil textural particles are larger (Dierickx, 1993; Stuyt et al., 2005). The thickness
of an envelope is also an important criterion when selecting a synthetic envelope
for soil retention and clogging factors. Thin envelopes are generally less accepting
of a higher Ogo/dgo ratio than that of thicker, voluminous envelopes, which can
accept a higher Ogo/dgo ratio and still be successfully applied in the field without
excessive soil incursion or greatly reduced hydraulic conductivity due to clogging
or blocking factors (EI-Sadany Salem et al., 1995). Thin synthetic envelopes need
careful consideration of both soil and geotextile characteristics. Elzoghby et al.
(2021) concluded that the ratio of Ogo/dgo is a good predictor of clogging and soil
loss in subsurface drainage pipes. The hydraulic conductivity of the envelope
should be greater than that of the soil to aid in reducing the entrance resistance (or
approach flow resistance) of water towards the envelope, and problems in this
regard are mainly related to the filter function of the envelope and the associated
clogging of the envelope by soil particles from either a high approach flow
resistance or poor selection of envelope materials based on the filter criterion (or
bridging factor). The various filter criteria that have been developed are highlighted
in Table 2.3. Laboratory experiments can be used to comparatively determine the
hydraulic and filter performance of synthetic envelopes specifications, but also in

evaluating materials for local soil types.
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Table 2.3 Various existing design criteria for geotextiles (Dierickx, 1993).

Reference

Geotextile

Sou

Criterin

Remnrks

Calboun (1572)

in Rankidor (1581)

1CI Fibens (1978)
o Raskilor (1981)

cobesionless (dy, = 74 mm)
cobesive (dye < 74 mm)

and

100 s < dyy S 300 gm

C, =40

20um S by 5 250 pm
dy > 250 pm

”and

Odyy =1

Oyldyy = 1
Oyy % 200 pm

Oy < 1.8

O,y'dy % 1

Ody =1

dry sieving, glass bead
fractoos

Teindl (1979) 8,(C) :::;:!Q and nre
factors ing on the

coefficicat of undformity C,

'HD‘

Twmbudl (1520)

Giroud (1982)

Oyldye = B ()

Oyidy = |

0"“!. < cu
Oy < 9IC,

O,/dg < 1.5C,
Oydg < 13.5/C,

Opfdy < 2C,
Oyjdy < 13.5/C,

8,(C) =25-45;

B,(C) =45.7.5

Owda < G
Oyidy < 9IG,

Heerten (1943) wet sieving, geadad sodl

C>S Opldy < 10
Oplde < 1.0

Qs Opdy < 2.5
Oralden < 1

cohesive Opfdy < 10
Ol < 1
Oy = 100 pm

Carroll (1933) Oydy % 23

Oyfdyy = 3

Opfdy s €

noswoven C = GGG
>4 G =1
<4 C, =08
dense G =03
denwe C =12
<5 G=1
(<20 G =01
i <40 G, =06

Halez (1985)

graded soil

filter C =1
fier and druinage C, =03
cobesive Ty = 50 pm
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2.6.5 Research on envelope materials

In situ investigation of drainage materials in the field remains the most accurate
method of determining the suitability of envelope materials for a particular soil
texture, as no laboratory research methods can fully reproduce the physical
processes occurring in the field (Stuyt et al., 2005). The shortcomings of this
investigation method are that in situ investigation of envelope materials is
expensive, takes a long time, and causes a large variability in results depending on
the field conditions.

Initial laboratory research on drainage materials was conducted using sand tank
models (Wesseling and Homma, 1967). This mainly dealt with theoretical studies
of drainage pipe and envelope interaction. Subsequently, research developed into
obtaining information on the need for a drainage envelope using permeameter
setups (Dierickx, 1980; Sherard et al., 1984). Drainage envelope research is usually
distinguished by investigations on the suitability evaluation of specific envelopes
with a soil type using sand tank setups or investigations to reveal the factors and
parameters that determine the applicability of envelopes using permeameter type
setups. Subsequently, research of envelope material interaction with local soils was
investigated extensively in the late 1980s and 1990s (McAuliffe, 1986; Lesaffre,
1989; Bhatti and Vlotman, 1990; Vlotman et al., 1993; Choudhry et al., 1995; EI-
Sadany Salem et al., 1995) and continued into the 2000s (Kumbhare and Ritzema,
2000; Rimidis and Dierickx, 2003; Mulgueen, 2005; Maticic and Steinman, 2007).
During the 1990s and 2000s several articles were published highlighting the overall
research, development, and design of subsurface drainage systems (Dierickx, 1993;
Vlotman et al., 2001; Nijland et al., 2005; Stuyt et al., 2005; Ritzema et al., 2006).
In 2013, national guidelines on the drainage practices in Ireland, including all
aspects of drainage, were published. The second edition of this was published in
2022 (Teagasc, 2013; Teagasc 2022).

Alternative envelope designs have been extensively researched in an effort to
reduce the high costs and design flaws associated with conventional envelope
systems. Efforts made in reducing costs was notable in the testing of rice husk as
an envelope material in Iran (Kaboosi et al., 2012), while efforts were made to
reduce design flaws by the introduction of the HYDROLUIS drain (Bahceci et al.,

2018). Recent envelope design research has focused on the suitability and use of
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geotextile materials for drainage systems (Elzoghby et al., 2021; Ghane, 2022;
Ghane et al., 2022; Khorramian et al., 2022).

2.7 Conclusions

This chapter reviewed land drainage system and land drainage envelope design
research, and their development both in Ireland and abroad. How drainage research
evolved and was applied differently in Ireland is one of the key reasons that much
of the drainage envelope design established abroad was never applied and used on

a large scale in Ireland.

Much of the research conducted in Ireland from the 1960 to the 1980s focused on
diagnosing the problems associated with poor drainage, while in the USA and
central Europe during this time research focused on advancing envelope design.
Subsequently, very little research was conducted to apply these design criteria to
Irish heavy soils textures. This led to the continued use of first-generation aggregate
envelopes in Ireland to the present day that are not based on any established design

criteria.

With the introduction of the Teagasc Heavy Soils Programme in 2011 and the
Teagasc Drainage Manual in 2013, efforts were made to formalise the assessment
of drainage system design based on the Visual Drainage Design method. Even with
these efforts, recommendations of aggregate envelope size were only based on field
observations and no work had been conducted to determine the suitability of

aggregate envelopes or cheaper synthetic envelopes in Irish soil textures.

2.8 Summary

Based on the findings of the literature review, the suitability of aggregate materials
as envelope material will be quantified against established international filter design
criteria. This will establish a reference point from which further research may be
conducted to determine the suitability of aggregate envelopes in Irish clay textured

soils.
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Chapter 3 — The distribution, type, popularity, size, and
availability of river-run gravel and crushed stone for use in land

drainage systems, and their suitability for mineral soils in Ireland

The aim of this chapter was to classify the distribution, type, popularity, size, and
availability of aggregates for land drainage systems throughout Ireland and quantify
their suitability for mineral soils. Eighty-six quarries were surveyed, and the
suitability of these aggregates for drainage was determined in five soils of different

textures.

This study has been published in the Irish Journal of Agricultural and Food
Research (Byrne, I., Healy, M.G., Fenton, O. and Tuohy, P., 2022: DOI:
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Investigation, Data Curation, Writing (Original Draft), Writing (Reviewing and
Editing), Visualisation. Mark G. Healy: Conceptualization, Methodology,
Resources, Writing (Reviewing and Editing), Supervision. Owen Fenton:
Conceptualization, Methodology, Resources, Writing (Reviewing and Editing). Pat
Tuohy: Conceptualization, Methodology, Resources, Writing (Reviewing and

Editing), Supervision, Project Administration.
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Abstract
The performance of land drainage systems installed in mineral soils in Ireland is

highly variable, and is dependent on, amongst other factors, the quality and
suitability of the aggregate used. In Ireland, aggregate for land drainage systems is
usually river-run gravel and crushed stone. This study classified the distribution,
type, popularity, size and availability of aggregates for land drainage systems
throughout Ireland and quantified their suitability for use in mineral soils. Eighty-
six quarries were surveyed. Limestone and river-run gravel (80% of lithologies) are
widespread throughout the country. The quarry aggregate sizes (“Q sizes”),
reported by the quarries as either a single size that is, “50 mm”, or a graded size,
that is, 20-40 mm, were variable, changed across lithology and region and were, in
most cases, larger than what is currently recommended. A particle size distribution
analysis of 74 samples from 62 quarries showed that individual Q sizes increased
in variability with increasing aggregate size. In some regions, the aggregate sold
does not meet current national regulations, which specify an aggregate size ranging
from 10 to 40 mm. The suitability of these aggregates for drainage in five soils of
different textures was compared using three established design criteria. It was found
that the aggregate in use is too large for heavy soil textures and is therefore
unsuitable as drainage envelope material. Guidance for contractors, farmers and
quarry owners will be required, and investment may be needed by quarries to
produce aggregate that satisfies design criteria. An aggregate size, based on one or

a combination of established aggregate design criteria, where an analysis of the soil
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texture is conducted and an appropriate objective is chosen based off its 15%

passing size, is required.

3.1 Introduction

Subsurface drainage in agriculture plays an important role in the removal of excess
surface and subsurface water from poorly drained soils. Drainage of mineral soils
supports increased production and, together with other technologies and optimised
soil fertility, facilitates productive grasslands (Tuohy et al., 2018a). The removal of
excess water has many benefits, including increased trafficability and crop yield,
reduced surface runoff, improved soil structure and reduced total phosphorus losses
(Ibrahim et al., 2013; Daly et al., 2017). A typical subsurface field drainage system
consists of a network of corrugated or smooth perforated pipes surrounded by an
envelope material (Vlotman et al., 2001). The drain envelope has three primary
roles: (1) filtration to prevent or restrict soil particles entering the pipe, where they
may settle and eventually clog the pipe; (2) reduction of water entry resistance to
the pipe; (3) the provision of support to the pipe to prevent damage due to the soil
load (Ritzema et al., 2006).

Envelope materials may be divided into three categories: mineral (sand and river-
run gravel, crushed stone, shells, etc.), organic (straw, woodchips, heather bushes,
peat litter, coconut fibre, etc.) and synthetic (pre-wrapped loose materials), made
from waste synthetic fibres and geotextiles, which may be woven, non-woven or
knitted (Vlotman et al., 2020). The type of materials (mineral, organic or synthetic)
in use in many countries is guided by the availability, relative cost and established
criteria in use in the country. In the Republic of Ireland (henceforth Ireland), e.g.,
the typical envelope material used is mineral aggregate (crushed stone and river-
run gravel), which is based not on the appropriateness of a given material for a
particular soil or appropriate international criteria, but on other factors such as cost,

convenience and availability.

Research on land drainage systems in Ireland has mainly focused on drainage
practices (Galvin, 1986; Ryan, 1986), and more recently on field drainage design,
field drainage performance and environmental losses (Clagnan et al., 2018; Tuohy
etal., 2018a, 2018b; Valbuena-Parralejo et al., 2019). The performance and lifespan
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of land drainage systems in Ireland are highly variable and poorly understood
(Tuohy et al., 2018a), and are dependent on, amongst other factors, the quality and
suitability of the materials used in field drains, and on keeping such drains well
maintained. Dierickx (1993) observed that the majority of problems in selecting
appropriate materials are due to uncertainties about aggregate specifications,
aggregate form (rounded or angular), lack of uniform aggregate quality, segregation
during transportation and installation or poor availability of appropriate aggregate
for a given soil type. The relative costs of stone aggregate can direct the farmer or

contractor towards unsuitable materials in many cases.

Aggregate material can also vary widely in type and size, due to a geographical bias
in geology type, local preference and quarry processing (Gallagher et al., 2014).
The National Standards Authority of Ireland (NSAI) provides guidance on the size
and type of materials for use in civil engineering work and road construction (NSAI,
2002). Most quarries comply with this guidance and therefore the sizes and types
of material available are mostly guided by these standards, without a particular
focus on aggregate specification for land drainage purposes. Currently, Teagasc
(2013) recommends an aggregate size in the 10-40 mm range. There is currently
no scientific basis on which this recommendation is made, and the aggregate

distribution is not defined adequately.

The objectives of this study were to: (1) formulate a database classifying the
distribution, type, popularity, size and availability of aggregate for land drainage
systems throughout Ireland. The generated database will then be used in
conjunction with established design criteria to assess the appropriateness of
aggregates in use for specific soil types. The database may also be used in the future
to assess the availability of materials based on a recommendation that considers
both hydraulic and filter function of the envelope; (2) determine if there is variation
in the grades of aggregate sold under a single label size (e.g. “50 mm”) or a size
range (e.g. 2040 mm); (3) determine the suitability of the currently available sizes
of aggregate for use in mineral soils in Ireland, based on established international

filter criteria.

45



3.2 Materials and methods

3.2.1 Survey

Information on quarries in Ireland, including their addresses, contact information,
location coordinates, and lithology, was obtained from Gallagher et al. (2014). In
December 2018, a survey was sent via email to quarry managers. If no response
was received, the respondents were contacted by phone. The survey sought the
following information: confirmation of quarry name and company; lithology
(limestone, sandstone, mixed, or other); aggregate sizes (henceforth “quarry size”
or “Q size”) sold (three selections maximum), which represents an approximation
of the size of aggregate in mm as specified by the quarry. This can be a single size
(where the gradation is unknown) or, in some cases, a Size range (where the
gradation is indicated). There were 60 respondents. As some respondents were
responsible for multiple quarries, 86 quarries were represented in total. The
respondents do not represent all quarries operational in Ireland, only a proportion
of them (37%, based on data from Gallagher et al. (2014)) who replied with
information on aggregate types and sizes available for land drainage. Quarry

locations were mapped using a Geographical Information System.

3.2.2 Sample collection and characterisation

Seventy-four individual samples of aggregate, each weighing 60 kg, were collected
from 62 quarries, representing 12 of the 26 counties in Ireland. The other 24
quarries, detailed above, were omitted. The samples collected adequately
represented the size, type (round or chip), and lithologies available throughout the
country. To get a 60 kg representative sample, the following procedure was
followed at all locations: samples were collected from the top, middle, and bottom
of stockpiles, where the surface layer was taken off and the aggregate underneath
was collected in accordance with standard methods (ASTM, 2019b).

In order to observe the differences between the stated PSD sizes under the quarry
labelled sizes (Q size, either as a single size or graded figure) across different
quarries, seventy-four samples were prepared for particle size distribution (PSD)
analysis according to ASTM (2018), and a dry sieve analysis was conducted
according to ASTM (2019a). The four most popular indicative Q sizes from the

46



survey will be used for a semi-logarithmic plot of the aggregate size (mm) versus
their equivalent mass passing through each sieve, aggregates with diameters less
than 90%, 50%, and 10% of the total mass (henceforth Dgg, Dso, and D10 values),
will be grouped under the individual Q sizes.

3.2.3 Aggregate suitability for Irish mineral soils

The envelope provides three main functions: (1) hydraulic function, which, with an
appropriately sized aggregate, increases the hydraulic circumference and limits the
resistance of water movement from soil to pipe; (2) the bedding function, which
provides protection for the pipe; and (3) the filter function, which helps to prevent
soil incursion into the envelope and aids in the hydraulic function of the envelope.
The focus of this paper will be on aggregate size to determine the suitability of

aggregate sizes for agricultural land drainage.

Three criteria for aggregates were applied to five low permeability Irish soils of
varying textures: the US Soil Conservation Service (SCS, 1988), Terzaghi’s criteria
(Terzaghi and Peck, 1961), and criteria developed by Sherard et al. (1984),
developed filter criteria for protection of hydraulic structures. While not intended
for application in subsurface drainage, the principles may equally well be applied
for the design of gravel envelopes (Stuyt et al., 2005). To facilitate comparison of
the surveyed aggregate size with the three filter criteria, the D15 was calculated for
all 74 aggregates. The D1s is used by all three of the above criteria to limit the loss
of fine soil material (filter function) into the drainage envelope and through the
drain, where 85% of all soil material would be prevented from entering the envelope
while still maintaining hydraulic function of the envelope. This D15 value originated
from Terzaghi’s considerations on laboratory experiments to limit the loss of fine
sediment (Dierickx, 1993; Terzaghi and Peck, 1961). While Dierickx (1993) states
“it can be seen that the criteria of various sources do not match, even taking into
account the distinction between filter material (mechanical function) and envelope
function (hydraulic function),” the two other criteria (SCS, 1988; Sherard et al.,
1984) have been designed based on this work carried out by Terzaghi, and thus the
D15 criteria can be used as a comparison for the suitability of these aggregates based
on different soil textures. Five soil textures from Galvin (1983) were used: clay,
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clay loam, loam, silty clay loam, and silt loam. The Irish Soils Information System,
using soil drainage class maps (Simo et al., 2014), was used to validate if these soils

represented poorly drained soils in Ireland.

3.2.4 Statistical analysis of the particle size distribution data

Aggregate size parameters (Dio, Dso, and Dgo) were analysed by an analysis of
variance with Q size as a factor. A univariate analysis of the data was conducted to
determine normality. The data was shown to have a normal distribution of data.
Following this, comparisons between the indicative Q sizes and the D10, Dso and
Dgo values were made using a PROC ANOVA analysis with Bonferroni (Dunn) t
Tests procedure in SAS version 9.1.3 (SAS, 2006).

3.3 Results

3.3.1 Survey

The distribution and lithologies of quarries located throughout Ireland based on
survey results (of 86 quarries) are presented in Figure 3.1. Based on visual
observation from Figure 3.1, Limestone is distributed in quarries throughout the
country, sandstone is mostly located in quarries within the southern region and
river-run gravel quarries are mostly located in the midlands (Figure 3.1). Limestone
(42%) and river-run gravel (38%) together make up eighty percent of the total

lithologies surveyed, with sandstone making up another eleven percent (Figure 3.2).

The Q sizes, as reported by the quarries, were variable, being reported as a single
indicative size or a size range and showed that a wide range of material sizes were
in use for land drainage installation across the country (Figure 3.3). Figure 3.4
shows the most popular Q sizes by lithology. For limestone these are, the Q sizes:
50 mm, 20 mm and 20-40 mm; for sandstone, 50 mm and 100 mm are most popular.
River-run gravel had a similar trend to limestone, with 50 mm, 20 mm, 25 mm, and
20-50 mm being the most popular quarry sizes. There were also regional variations
in Q sizes (Figure 3.5): the results showed that the average Q size in Munster was

53 mm, while the average Q size in Leinster was 31 mm.
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Figure 3.1 Surveyed quarry locations across Ireland by

lithology.
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Figure 3.4 The most popular aggregate Q sizes (indicative sizes as

reported by quarries, left; single size; and right; grading band) for

land drainage from quarries surveyed by lithology (n = 136).
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(mean of the maximum) Q sizes (inclusive of all
lithologies) within each province are based on survey
data collected. The recommended size range of 10—

40 mm from Teagasc (2013) is highlighted in red.

3.3.2 PSD analysis

The results of the PSD analysis (of 74 samples) are presented in Figure 3.6 and
show a wide variation in the size of material passing each of the ninety, fifty, and
ten percent marks for a single Q size. This variation increased with increasing Q
size. The mean Dgo values corresponded closest to the associated Q sizes. Statistical
analysis indicated significant differences in actual size between Q sizes for D1o, Dso,
and Dgo parameters (P<0.0001). However, Q10 (Quarry size in mm) and Q20 sizes
did not have significantly different D1o, Dso, and Dgo values, and Q20 and Q20-40

did not have significantly different Dgo values.
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Figure 3.6 Q sizes, representing an approximation of the size of aggregate in mm
as specified by the quarry, show estimated ten, fifty, and ninety percent passing
(D10, Dso, and Dgo) figures, indicating labelling variation across different quarries.
Means with the same symbol are not significantly different from each other. D1
values are denoted using a, b, c; Dso values are denoted using I, Il, 111; Dgo values

are denoted using a, 3, v.

3.3.3 Aggregate suitability for Irish mineral soils

Figure 3.7 shows the suitability of the 74 aggregates as a filter material when the
three aggregate design specifications were applied to five soil textures common to
Irish mineral soils. When the specifications were applied (based on the D15/15%
passing size of an aggregate) to the five soil textures to determine the suitability of
the 74 aggregates, only the loam soil, where 31% (twenty-three aggregates
comprising limestone, river-run gravel, and sandstone) of the aggregates meet SCS
(1988) specifications, and 11% (eight aggregates comprising limestone and river-
run gravel) met Terzaghi and Peck (1961) specifications (Sherard et al. (1984) were
not applicable). When the four other soil textures were applied to the specifications,
none of the aggregates were shown to be a suitable aggregate to act as a filter for

these soil textures.
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Figure 3.7 Recommended aggregate size using three filter design criteria
[Terzaghi’s (Terzaghi and Peck, 1961) (“TZ”); US Soil Conservation Service (SCS,
1988) (“US SCS”); and Filters for Silts and Clays (Sherard et al., 1984) (“S&C”)]
applied to five soil textures shows the suitability of seventy-four gravels
characterised in this study. Aggregate size is the percentage of aggregates with a

particle size less than 15% of the total mass (D1s).

3.4 Discussion

3.4.1 Survey

If current practices are continued, the wide variation of aggregates, based on
distribution of geology, is likely to affect the type and size of material available to
a farmer or contractor. The popularity of larger Q sizes indicates that the
recommendations made by Teagasc (2013) for a clean aggregate in the 10-40 mm
grading band are still not fully adopted everywhere, with either the average or
maximum aggregate size sold in some regions being larger than what is
recommended. As this 10-40 mm size is not based on scientific evidence but only
on visual field observations, using sizes larger than this recommendation will cause
problems with the ability of the envelope to filter any soil material and will affect

the lifespan of the drain.
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The abundance of limestone (42%) quarries may cause a problem with the
availability of suitable aggregates. Stuyt et al. (2005) observe that limestone
particles must be avoided because a high percentage of lime in aggregate envelopes
may be a source of encrustation. If limestone is not recommended as a drainage
aggregate, farmers and contractors, especially in western counties, may have to
travel unreasonable distances to source an alternative material. This should be

considered in future studies on the selection of suitable drainage aggregates.

3.4.2 PSD analysis

The PSD analysis trends indicate that there is generally a large variation in actual
aggregate sizes described by different Q sizes. Therefore, aside from aggregate Q
sizes changing across lithology and region, the individual Q sizes (e.g., 50 mm) are
also highly variable. This is likely to create problems in material selection and
availability, as farmers or contractors may have limited options of aggregate size
and lithology, depending on their location, and the size received may not accurately
reflect what is specified by or requested from the quarry. This will have implications
for both the performance and lifespan of drainage systems installed. A
standardisation of the labelling of sizes is needed in order to ensure that the
contractor or farmer knows the size range of aggregate that they are purchasing.
Reporting the given aggregate size in the format of 90% passing (Dgo) and 10%
passing (D1o) of the total mass (e.g., 20-5 mm) would give a standard range that
would clearly represent the aggregate size purchased. If current practices are
maintained, even the selection of a size that is perceived to be suitable for use may
not reflect the design criteria for the aggregate needed.

3.4.3 Aggregate suitability for Irish mineral soils

Very few of the 74 aggregate samples meet the required specifications, with only
31% meeting SCS (1988) criteria and 11% meeting Terzaghi and Peck (1961)
criteria for a loam soil texture. Generally, loam soils are less inclined to require
extensive artificial drainage, and most drainage work will be concentrated on
heavier soil types. In this context, the suitability of some aggregates for loam soils
may not have widespread applicability, and, in most cases, it is likely that no
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aggregate would be suitable for use as per the three criteria. This indicates that there
is a need for a reduction in the size of aggregate that is used in agricultural land
drainage if the design criteria are to be achieved. Consultation with quarry owners
would be required to determine if a suitable aggregate size could be produced in
each quarry, with minimum or no investment, as the achievement of such size
grading may require new equipment and/or new procedures on site. The aggregate
currently sold for drainage works is far from ideal. Development and dissemination
of appropriate standards and specifications of aggregates for land drainage works

would be needed to allow quarries to produce an appropriate size of aggregate.

It is important to produce a suitable aggregate size, as an unsuitable aggregate may
lead to sediment loss through drains (Ali, 2011). Sediment loss may lead to blocked
drains or a reduced outflow of water from drains. Fine sediment settlement is
usually limited as long as adequate outflow and gradient are achieved, while coarser
sand particles will settle in the drainage pipe (Stuyt et al., 2005; Teagasc, 2013).
The amount of fine sediment lost through a drain can be a primary method for
particulate phosphorus transfer and loss to drainage ditches (Shore et al., 2015), so
the aim of a drainage envelope should be to minimize the loss of sediment from
drains. This may not be achieved with the current specifications of aggregate
available. While much of these criteria focus on filter performance, a filter would
eventually become blocked, so an envelope has to conform to the often-conflicting
criteria of hydraulic performance and filter performance (Stuyt et al., 2005). This
requires a study that looks at the performance of an aggregate envelope from both
a hydraulic and filter performance point of view, while using soil with a heavy
texture (soils rich in clay particles).

3.5 Conclusion

The current system of aggregates being identified by a single Q size or a Q size
within a specified grading range, does not give a fair reflection of the true gradation
of aggregate being sold by quarries. To remove confusion, a standardisation of
quarry aggregate specifications based on their grading range (Doo—D10) is required.
This approach would eliminate confusion over the size of aggregate being selected
by the drainage contractor or farmer when purchasing drainage aggregate.
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The sizes of aggregates currently in use in Ireland are larger than what was specified
by Teagasc (2013), and the suitability and preference of the current sizes of
aggregate for Irish mineral soils do not conform to three other filter aggregate
design criteria for drainage systems, which specify a smaller aggregate size than
what is currently in use. Further research is needed on the efficacy of materials
currently in use in Irish drainage systems and to identify suitably sized aggregates
for Irish mineral soils. Until this research is completed, it is preferable to select an
aggregate size based on one or a combination of the aggregate design criteria
identified in this paper, where an analysis of the soil texture is conducted, and an

appropriate aggregate is chosen.

A survey of quarries using the methodology developed in this study could be carried
out in other countries. In any country, this information would be important to
optimise advice over time. Information on the ranges of aggregate proposed for land
drainage works versus what is available in (and reported by) quarries, for example,

would be useful.
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Chapter 4 — Assessment of the hydraulic and filter performance of
different drainage stone aggregates to elucidate an optimum size

range for use in clay-textured soils

The aim of this chapter was to assess the hydraulic and filtration performance of
commonly used gravel aggregates as envelope materials for use in clay-textured
soils, and rank the aggregates based on their suitability for use. Nine aggregates
(three replicates of each) were examined in laboratory units containing clay-
textured soil, with a perforated drainpipe surrounded by an aggregate envelope
ranging in size from 0.7 to 62 mm and a constant 0.4 m head of water above the

soil surface.

This study has been published in Agricultural Water Management (Byrne, 1., Healy,
M.G., Fenton, 0. and Tuohy, P. 2023: DOl:
https://doi.org/10.1016/j.agwat.2023.108164). lan Byrne: Methodology, Formal
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Methodology, Resources, Writing (Reviewing and Editing), Supervision. Owen
Fenton: Conceptualization, Methodology, Resources, Writing (Reviewing and
Editing). Pat Tuohy: Conceptualization, Methodology, Resources, Writing
(Reviewing and Editing), Supervision, Project Administration.
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Abstract
On poorly drained grassland farms in Ireland, stone aggregates remain the only in-

field drain envelope material used by contractors. A variety of aggregate sizes and
lithologies are currently in use, but their performance in clay-textured mineral soils
is unknown. In practice, this may result in ad-hoc system performance and a varied
lifespan due to sediment ingress. The aim of this study was to evaluate the hydraulic
and filter performance of a range of aggregate gradations in clay-textured mineral
soils. Nine aggregates (three replicates of each) were examined in laboratory units
containing clay-textured soil, with a perforated drainpipe surrounded by an
aggregate envelope ranging in size from 0.7 to 62 mm and a constant 0.4 m head of
water above the soil surface. To determine the hydraulic performance of the
envelope, the discharge rate of water through the drainage pipe outlet was measured
over 38 days. To determine the filter performance, sediment loss, sediment
settlement in the drainpipe, and ingress of sediment into the envelope were
measured. The results indicated that only aggregates in the 0.7-19 mm size range
performed adequately from both the hydraulic and filter perspectives and were
deemed suitable for use with a clay-textured soil. Discharge appeared to be
inversely related to aggregate size, with larger discharges being measured in the
smaller aggregate sizes and smaller discharges measured in the larger aggregate
sizes (exception: Aggregate 2). For all aggregates examined, discharge was greatest

at the start of the experiment before reducing over time. When the cost of the
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aggregate material is also considered, aggregates in the lower size range are 18—
50% more expensive than aggregates in the higher size range. Aggregates with
particle sizes ranging from 0.7-19 mm are recommended for in situ field testing in

clay-textured soils.

4.1 Introduction

Agricultural land drainage plays a key role in supporting food production on poorly
drained soils (Tuohy et al., 2018; Castellano et al., 2019). A typical contemporary
land drainage system comprises a network of subsurface drains, each consisting of
perforated pipes wrapped in an envelope material (Stuyt et al., 2005; Teagasc,
2022). The key to efficient and consistent hydraulic and filter performance is an
appropriate type and size of envelope material to surround the drainage pipe
(Yannopoulos et al., 2020). The drain envelope must offer proficiency in a number
of functions, such as protecting the drainpipe from excessive sedimentation and
reducing water entry resistance around the pipe and surrounding soil. An envelope
with a higher hydraulic conductivity than the surrounding soil reduces the entrance
resistance (resistance of approach flow) into the pipe so that no hydraulic pressure
will build up in the surrounding soil (Stuyt et al., 2005; Vlotman et al., 2020). In
theory, the entrance resistance of a drainage system is a material constant, but in
practice it may be seriously reduced due to particle deposits at the soil-envelope
interface or in the envelope. The entrance resistance of a drainage system depends

on soil texture and evolves with time (Dierickx, 1993).

Aggregates such as river-run gravel or crushed stone are commonly used in
temperate climates with moderate to heavy (lower hydraulic conductivity) soil
textures to keep the water table below a depth of 0.45 m in order to maximise grass
growth and trafficability (Teagasc, 2022). They improve the hydraulic conductivity
around the drainage pipe, reduce the entrance resistance, protect and support the
pipe, and prevent the ingress of sediment (VIotman et al., 2020). The antecedence
of their use is due to a combination of factors, such as the scale and system of
farming undertaken, the type of drainage system, the abundance of mineral
aggregate, and the historical use of aggregate for drainage (Byrne et al., 2022).
Typical aggregate sizes used in different regions range from 0.2 to 4.0 mm in
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Finland (Luoko, 2020), 5-50 mm in the United Kingdom (AHDB, 2018), and 10—

40 mm is recommended in Ireland (Teagasc, 2022).

Byrne et al. (2022) conducted a review of the availability of aggregate throughout
Ireland. Eighty-six quarries across Ireland were surveyed, which classified the
distribution, type, popularity, size, and availability of aggregates for land drainage
systems. The average size of the aggregate available was 41 mm. The most
commonly used sizes ranged from 2 to 62 mm, representing the vast majority of
aggregate sizes available throughout Ireland. This study found that the most
commonly used aggregate size is unsuitable for the majority of moderate to “heavy”
(lower hydraulic conductivity) soil types encountered. Using 74 aggregates
characterised in the study, three filter design criteria (SCS, 1988; Sherard et al.,
1984; Terzaghi and Peck, 1961) were applied to five soil types (clay, clay loam,
loam, silty clay loam, and silt loam). Only 31% met the SCS (1988) criterion and
11% met the Terzaghi and Peck (1961) criterion for a loam soil texture (the Sherard
et al., 1984 design criterion was not applicable for this soil texture). The study
concluded that there was a need for guidelines for aggregates based on both the
hydraulic and filter performance of the drainage envelope in moderate to lower
hydraulic conductivity soil types. Currently, the recommended 10-40 mm
aggregate sizes are based on field observations (Teagasc, 2022), but no data exist
on their applicability and suitability in clay-textured soils. These recommendations
are primarily based on filtration recommendations, and although clay-textured soils
have a higher structural strength after settlement, they may be needed to provide
temporary filtering functions. It has been suggested that soil with a clay content of
> 30% does not need an envelope around a drainpipe (Stuyt et al., 2005; Vlotman
et al., 2020). However, the use of an aggregate envelope increases drain spacing by
increasing the effective radius of the drainpipe and provides other additional
benefits, such as a conduit of flow in shallow drainage systems where mole ploughs
and sub-soilers have a direct connection to the drainpipe through the aggregate
envelope. Therefore, there is a need to identify if hydraulic conductivity and
effective radius can be maximised based on choosing a more suitable aggregate

size, along with providing initial filtering capabilities.
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Laboratory evaluation of an envelope system is useful as a simple and easily
reproducible method for evaluating various envelope materials and scenarios at a
low cost (Dierickx, 1989). It is also useful to test the functional properties of drain
envelopes, such as their ability to retain soil particles and prevent invasion of soil
particles into the envelope; the blocking or immediate reduction of hydraulic
conductivity of an envelope in contact with soil; and the decrease in hydraulic
conductivity of an envelope over time due to particle accumulation or if the

envelope material is too fine (El-Sadany Salem et al., 1995).

In the current study, the range of aggregate gradations from 0.7 to 62 mm in size
(representing the most commonly available aggregate sizes throughout Ireland (2—
62 mm), and a 0.7-3 mm aggregate (satisfying the SCS, 1988 criterion) were tested
in laboratory units to identify a subset of optimal aggregate ranges for use in clay-
textured soils, which should subsequently be tested in situ in the field. The overall
objective of this study was to evaluate the hydraulic and filter performance of a
range of aggregate gradations in clay-textured mineral soils. To achieve this
objective, the experiments aimed to: (1) assess the hydraulic and (2) filter
performance of commonly used gravel aggregates as envelope materials for use in
clay-textured soils; and (3) rank the aggregates based on their hydraulic and filter

performance and cost for use in clay-textured soils.*

4.2 Materials and methods

4.2.1 Soil and stone aggregate selection

A clay-textured soil?> was collected from the Teagasc Solohead Research Farm
(latitude 52° 51" N; 08° 21' W; altitude 95 m a.s.l.) and dried in 2 kg batches for 24
hr at 110 °C then milled to pass a 2 mm sieve grade. The textural class was
determined according to ASTM (2021): 7% sand, silt 37%, clay 56 % (clay texture).

Eight commonly used envelope material aggregates in Ireland were selected (Table

! This study is a comparative study conducted using laboratory tests and is only indicative of
performance. Field studies should be conducted on the findings of this study to determine their
suitability in the field.

2 Clay and clay loam-textured soils are the most common soil types in need of drainage in Ireland.
Clay-textured soil is used in this study as a worst case scenario, as it has the smallest particle sizes
and therefore the greatest potential to block a drain envelope when placed on top of a drainage
system envelope.
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4.1). An additional aggregate was used in the experiments (Aggregate 1 in Table
4.1), which satisfied the aggregate selection criteria for a clay-textured soil as
defined by the Soil Conservation Service (SCS, 1988). This allowed for comparison
with an idealised aggregate.

Table 4.1 Aggregate envelope data indicating the aggregate type and their size

distribution.
Aggregate number Aggregate type D1s - D75t (mm)
1 River-run gravel 0.7-3
2 Limestone 2-10
3 Limestone 10- 14
4 River-run gravel 11-17.5
5 River-run gravel 155-19
6 River-run gravel 22 - 30
7 River-run gravel 22-75
8 Limestone 34 - 47
9 Limestone 42 - 62

! D75 — Dss indicates estimated 75% and 15% passing size.

4.2.2 Hydraulic performance of aggregate ranges

In total, 27 units (Figure 4.1), each 0.57 m in diameter and 0.93 m deep, were
constructed and replicated at n = 3 for each aggregate size examined. Each unit
consisted of three components: clay-textured soil, an aggregate treatment, and a
drainpipe (a standard 80 mm corrugated pipe with perforations 2 mm x 15 mm in

size) discharging to a collection tank. A 0.08 m diameter drainpipe was located 0.15
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m from the bottom of the tank. In order to obtain reproducibility and determine
aggregate suitability based on the soil textural component, dry milled soil (<2 mm)
was filled to a depth of 0.02 m at the bottom of the tank, which was overlain by
0.21 m of the chosen aggregate (to the top of the drainpipe), and compacted using
a tamping device (0.3 m diameter round base with a 5 kg weight dropped from a
height of 0.6 m) in order to ensure no settlement around the drainpipe occurred
during the experiment. An additional 0.15 m of aggregate was added over the
drainpipe, and tamping was repeated. Finally, the aggregate was overlain by a 0.15-
m-deep layer of soil, compacted (in incremental layers) to a wet density of 964.6
kg m3. The edges of each layer of soil were pressed against the walls of the
container by hand to ensure no by-pass flow occurred during the experiment. Nylon
straps were added to the tank to prevent bulging at the soil layer, and paraffin wax

was applied at the edges of the top layer to prevent by-pass flow.

Each unit was filled with potable water to a height of 0.4 m above the soil surface,
which remained constant over the duration of the experiment (using an overflow
pipe). In order to prevent damage to the top layer of soil during the initial flow of
water into the tank, an aluminium tray (0.2 x 0.2 x 0.05 m) was used to disperse the
water. This tray was subsequently removed once a constant head was achieved. The
units were routinely monitored for discharge rate and sediment loss over a total
experimental duration of 38 days. In order to normalise data, units are expressed as
L m™ of pipe cumulatively (0.08 m dia.). Sediment loss was measured in accordance
with standard methods (BS, 2005). The sediment loss concentrations were
multiplied by the discharge rate to estimate the total sediment loss (g m™ of
drainpipe) daily and cumulatively. At the end of the experiment, all the sediment
that had settled in the drainpipe was collected and weighed, and the experimental
units were destructively sampled. The topsoil layer and a 0.05 m layer of aggregate
were discarded. Samples of the remaining envelope material from directly above
the pipe were then taken. All of the fine material (<2 mm) was washed from the

gravel and subsequently dried and weighed, with the results expressed in g of soil.

In this study, “failure” of the envelope was defined, after Stuyt et al. (2005), as
when the soil structure was observed to collapse or when there was excessive

movement of soil through the envelope material within the first 24 hr of operation.
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The hydraulic performance was assessed on the ability of the drain setup to
discharge at least 0.54 mm hr! (mean intensity of rainfall across 7 sites during a
high rainfall period; Tuohy et al., 2018), and the filter performance was assessed by
the amount of sediment settled in the drainpipe during the experiment; this should
be <25% of the total volume of the drainpipe in order to ensure an excessive

reduction in discharge does not occur (Vlotman et al., 2020).
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Figure 4.1 Laboratory unit setup showing flow through the system and depth

profile.

4.2.3 Statistical analysis

Statistical analysis was carried out using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA). A univariate analysis of the data was conducted to determine normality. The
data were shown to be non-normally distributed. Following this, the effects of
envelope function in relation to daily drainpipe discharge rate and daily drainpipe
sediment loss across 9 aggregate distributions were measured using the PROC
MIXED procedure (REML - estimation method; profile — residual variance

method; model-based — fixed effects SE method; and residual — degrees of freedom
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method) with repeated measures where time was a factor (T = 10, 19, and 38).

Statistical significance was assumed at a value of P <0.05.

4.3 Results

Aggregates 6, 7, 8, and 9 were deemed to have met the criteria for failure within the
first 24 hr of starting the experiment. Aggregates 1 to 5 achieved the hydraulic and
filter performance criteria for the entire 38-day experimental period. Over the
course of the experiment, the cumulative discharge from the five aggregates ranged
from 17751 to 27542 L m™ of pipe. The cumulative sediment losses ranged from

13 to 62 g m™* of pipe.

4.3.1 Hydraulic discharge and sediment loss performance

The majority of discharge (67% average) across all treatments occurred within the
initial 14-day period of the experiment (Figure 4.2). On day 38, the five aggregates
had an average daily difference of 0.74 mm hr? between the highest and lowest
discharges. The lowest discharge was observed from Aggregate 5 on day 38, where
a discharge rate of 1.3 mm hr?! was observed (Figure 4.3). Most of the sediment
loss occurred within the first 8 days of the experiment: Aggregate 1 lost 34 g m™ of
pipe (55% of the total loss) within this time period, followed by Aggregates 4
(67%), 3 (68%), and 5 (82%) (Figure 4.4).
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Figure 4.2 Cumulative average discharge rate (error bars indicate the standard
deviation). Discharge data for Aggregates 6, 7, 8, and 9 were not obtained, as they
met criteria for failure within the first 24 hrs of operation.
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Figure 4.3 Daily discharge rate (error bars indicate the standard deviation).
Discharge data for Aggregates 6, 7, 8, and 9 were not obtained, as they met criteria

for failure within the first 24 hrs of operation.
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Figure 4.4 Cumulative discharge weighted sediment loss (error bars indicate the
standard deviation). Sediment loss data for Aggregates 6, 7, 8, and 9 were not

obtained, as they met criteria for failure within the first 24 hrs of operation.

4.3.2 Envelope and pipe sedimentation

Sampling of the envelope after completion of the experiment (Figure 4.5a)
indicated that Aggregate 1 had the lowest incursion of soil into the envelope (640
g), while the worst performing aggregate was Aggregate 3 (5699 g). Three other
aggregates had soil incursions ranging between 3406 g (Aggregate 2) and 4251 g
(Aggregate 4). Figure 4.5b shows the amount of sediment deposited in the pipe after
the end of the experiment. Values ranged from 0.54 g m™ of pipe (Aggregate 1) to
1.31 g m*? of pipe (Aggregate 4). The amount of sediment settled within the pipe
was insufficient to reduce the drainpipe volume by 25% across any of the

treatments, so therefore it was judged to pass the sediment function criterion.

4.3.3 Data aggregation for aggregate selection

In order to determine the suitability of the aggregates across the three factors of
discharge, sediment loss, and pipe-envelope sedimentation, a ranking system was
developed. Table 4.2 shows the overall suitability of each aggregate range. Results
showed that aggregates >19 mm in size, while cost-effective, are not suitable for

use as drainage envelopes due to their early failure. Aggregates in the 0.7-19 mm
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range performed favourably from both hydraulic and filter performance

perspectives and are deemed suitable.
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Figure 4.5 Estimated g of soil in the top 0.15 m of aggregate (A) and g m-1 of
sediment per length of pipe (B) (error bars indicate the mean and standard deviation.
Values (A) exclude the quantity of fine material (<2 mm) already within the
aggregate). Data for aggregates 6, 7, 8, and 9 were not obtained as they met criteria

for failure within the first 24 hr of operation.
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Table 4.2 Aggregate-grade suitability for use with clay-textured soils, based on discharge and filter performance.

%0 of

aggregate Cost: Overall cost
Aggregate Number material <2 €/t Discharge and
and PSD (D1s—D7s) 4 Discharge Filter! (ex-pit and filter

mm (g kg performance
(mm) of ex performance

VAT)

aggregate)
Aggregate 1 (0.7-3) 7.2 V4 V4 15.00  Suitable Sub-optimal
Aggregate 2 (2-10) 9.6 v v 13.00  Suitable Sub-optimal
Aggregate 3 (10-14) 0.1 v v 11.00  Suitable Optimal
Aggregate 4 (11-17.5) 1.6 v v 10.00  Suitable Optimal
Aggregate 5 (15.5-19) 2.0 v v 10.00  Suitable Optimal
Aggregate 6 (22-30) 2.6 X X 10.00  Not suitable N/A
Aggregate 7 (25-75) 0.6 X X 8.41 Not suitable N/A
Aggregate 8 (34-47) 1.9 X X 8.87 Not suitable N/A
Aggregate 9 (42-62)  13.0 X X 8.87 Not suitable N/A

1The heading ‘Filter’ has the combined analysis of envelope sedimentation, pipe sedimentation, and sediment loss through the
drainpipe.

2Aggregates not suitable based on the ‘Discharge and filter performance’ assessment, are not assessed on ‘Overall cost and
performance’ and are denoted N/A
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4.4 Discussion

4.4.1 Hydraulic and filter performance

Aggregates 6, 7, 8, and 9 were deemed to have met the criteria for failure, which
occurred within the first 24 hr of starting the experiment and are considered
unsuitable for use. The ability of the envelope to hold back sediment in the
unstructured clay-textured soil (similar to trench backfill) was compromised above
an aggregate size of 20 mm, resulting in soil incursion into the envelope (Dierickx,
1993). The envelope should function initially during the settlement period to
prevent excessive incursion of sediment into the aggregate envelope and provide a
filter function. Therefore, a balance between the hydraulic and filter performance
of the envelope is needed initially during settlement. These findings have the
following implications: larger aggregate sizes (> 20 mm), when used as envelope
material, enable backfill topsoil to pass through the stone envelope and into the
drainpipe during the settlement period. Some of this sediment will remain in the
aggregate envelope, reducing permeability, and may be available to be mobilised
over time. The most commonly used aggregate sizes in Ireland are 50 mm and 20—
40 mm, respectively (Byrne et al., 2022). The Teagasc Drainage Manual (Teagasc,
2022) recommends an aggregate size in the 10 to 40 mm range, with optimum
performance in the 10 to 20 mm range. Based on these findings (pending field
trials), aggregates larger than 20 mm in size should not be recommended in the

future. The remaining discussion will relate to Aggregate 1 to 5 only.

Due to the stable nature of clay-textured soils in-situ, incursion of sediment into the
envelope is considered low-risk in the long term. However, the potential for
blocking during the initial period of settlement is the major risk associated with the
introduction of trench backfill before equilibrium within the soil is achieved
(Vlotman et al., 1993). Where an envelope prevents excessive incursion of sediment
in clay-textured soils, the envelope should then function to maximise the hydraulic
performance of the entire system. ADHB (2018) and Teagasc (2022) recommend
the use of permeable backfill, even in consolidated clay-textured soils, to maintain
the permeability in the drain trench and maintain an increased effective radius, even
as the permeability of the trench backfill reduces over time. Bahceci et al. (2018)
have suggested that stable clay soils do not need an envelope (Stuyt et al., 2005;

Vlotman et al., 2020), but in Turkey, for example, aggregate envelopes are used to
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improve the hydraulic conditions around the pipe in clay-textured soils. All five
aggregates (Aggregate 1 to 5) prevented excessive sediment incursion, so the focus
of in-situ field research should be to increase the effective radius in the stable clay
soils once settlement has occurred. As Aggregate 1 to 5 exceeded the hydraulic
performance criterion of 0.54 mm hr?, they are suitable from a hydraulic
performance perspective and are recommended for in-situ field trials. Discharge
appeared to be inversely related to aggregate size, with larger discharges being
measured in the smaller aggregate sizes and smaller discharges measured in the

larger aggregate sizes (exception: Aggregate 2)°

Unlike the discharge measurements, there was no relationship between aggregate
size and sediment loss. All five aggregates performed effectively to limit sediment
incursion into the envelope and the drainpipe and were deemed suitable based on
the filter performance criterion (25% reduction in drainpipe capacity), but
Aggregate 1 (0.7-3 mm) lost the most amount of sediment through the drainpipe
(Figure 4.4). This can be assumed to be fine material lost from the envelope itself
(<2 mm) and may be attributed to the envelope material being lost through the 2 x
15 mm drainpipe perforations. This shows the importance of selecting a granular
material based on both the base soil and the drainpipe perforations (Dierickx, 1993).
Aggregate 1 was selected to meet the SCS (1988) criterion but was not fully suitable
for the drainpipe perforations commonly used. Although it performed effectively
as an envelope, some washing of the envelope material into and through the
drainpipe at this gradation occurred and should be expected when using 2 x 15 mm
drainage perforations. With this loss of fine material from the envelope itself,
Aggregate 1 still performed effectively as a filter, and the sediment lost into the
drainpipe was not in large enough quantities to violate the filter performance

criterion (25% reduction).

4.5 Conclusion
Overall, aggregates ranging in size from 0.7 to 19 mm performed adequately in

terms of hydraulic and filter performance and were deemed suitable for subsequent

3 This relationship can be attributed to slower sediment incursion into the envelope, maintaining a
larger hydraulic radius and flow of water into the drainpipe.
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in-situ field trials. The results showed that increasing aggregate size resulted in
decreased hydraulic performance. The lowest amount of soil in the pipe and in the
envelope at the end of the experimental period was observed in Aggregate 1 (0.7—
3 mm), and cumulative discharge rates were aligned with initial sediment incursion
rates at the start of the experimental period. When the cost of the aggregate material
is also considered, aggregates in the lower range are 18 to 50% more expensive than
aggregates in the higher range, which would be optimal from a performance and
cost point of view. Contractors and landowners should provisionally source

aggregates in these ranges for better performance and lifespan outcomes.
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Chapter 5 — Investigating the suitability of synthetic envelopes as
an alternative or complement to stone aggregate in clay-textured

soils in lreland

The aim of this chapter was to test, in a laboratory setting, the hydraulic
conductivity and filter performance of four synthetic envelope treatments, and
compare those treatments against an ideal aggregate size, identified in Chapter 4,
for their suitability for use. The relative costs of the treatments were compared
against the aggregate treatment to identify the overall suitability based on both cost

and performance.

This study has been published in Geoderma Regional (Byrne, 1., Healy, M. G.,
Fenton, 0. and Tuohy, P. 2023: DOl:
https://doi.org/10.1016/j.geodrs.2022.e00598). lan Byrne: Methodology, Formal
analysis, Investigation, Data Curation, Writing (Original Draft), Writing
(Reviewing and Editing), Visualisation. Mark G. Healy: Conceptualization,
Methodology, Resources, Writing (Reviewing and Editing), Supervision. Owen
Fenton: Conceptualization, Methodology, Resources, Writing (Reviewing and
Editing). Pat Tuohy: Conceptualization, Methodology, Resources, Writing

(Reviewing and Editing), Supervision, Project Administration.

79



Investigating the suitability of synthetic envelopes as an
alternative or complement to stone aggregate in clay-textured soils

in Ireland

lan Byrne® 2, Mark Gerard Healy?, Owen Fenton®, Patrick Tuohy'".

! Animal & Grassland Research and Innovation Centre, Teagasc, Moorepark,
Fermoy, Co. Cork, Ireland

2 Civil Engineering, College of Science and Engineering & Ryan Institute,
University of Galway, Co. Galway, Ireland.

3 Environmental Research Centre, Teagasc, Johnstown Castle, Wexford, Co.
Wexford, Ireland

Abstract
In Ireland, agricultural landscapes dominated by high rainfall and poorly drained

soils have high densities of in-field pipe drains surrounded by stone aggregate
envelopes. Unlike other countries, there is limited availability and use of synthetic
envelopes, and no data exist about their suitability and efficacy in clay-textured
soils. Indeed, both aggregate and synthetic envelope-based designs have been
implemented without knowledge of their suitability or efficacy. Available synthetic
envelopes have two configurations: pre-wrapped loose materials and pre-wrapped
geotextiles (woven, non-woven, and knitted, with the knitted being the most
common in the U.S. and Canada). In total, five configurations (referred to in this
paper as ‘treatments’) were examined in this study with a view to ranking them
from performance and cost perspectives. The treatments were: a 0.8-mm-thick
needle-punched, non-woven geotextile or a 2-mme-thick knitted filter sock wrapped
around the drainpipe, with no aggregate (Treatments 1 and 2, respectively); a 0.8-
mm-thick needle-punched, non-woven geotextile wrapped around 2-10 mm (D1o—
Dgo) stone aggregate (Treatment 3); a 2-mm-thick knitted filter sock wrapped
around a drainpipe surrounded by 2 to 10 mm diameter stone aggregate (0.15 m
above pipe, 0.13 m below pipe) (Treatment 4); and a 2 to 10 mm stone aggregate
alone (0.15 m above pipe, 0.13 m below pipe) (Treatment 5). The hydraulic and
filter performance of Treatments 1 to 4 were compared with Treatment 5.
Treatments 3 and 4 were assessed to determine if they improved hydraulic and filter
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performance over Treatment 5. Using cumulative discharge and cumulative flow
weighted sediment loss (total suspended solids: TSS) as indicators of performance,
geotextiles performed poorly from discharge and TSS perspectives. The discharge
for Treatment 1 and Treatment 2 was below the discharge observed from the stone
aggregate, and cumulative TSS losses were 636% and 709% higher (Treatment 1
and 2, respectively). The discharge from Treatments 3 and 4 was 67% and 134%
higher than the stone aggregate, but this produced an increase in cumulative
sediment losses. Treatment 5 performed effectively, with a discharge that was
higher than that observed in the geotextile treatments (Treatments 1 and 2) but
lower than that observed in Treatments 3 and 4. The use of these treatments, either
alone or in combination with stone aggregate, is not recommended in the clay-
textured soil tested, from both performance and cost perspectives. Therefore, this
study recommends that stone aggregates in the optimal size range should be used

as drain envelope material in similar textured soils in Ireland.

5.1 Introduction

The hydraulic conductivity and filtration capacity of a land drainage system depend
on many factors, such as matching an appropriate type and sized envelope material
with soil texture. Envelope material normally comprises either stone aggregates or
synthetic materials. Byrne et al. (2022a) conducted a survey on the availability and
suitability of the currently available stone aggregates in the Republic of Ireland
(henceforth Ireland). The study found that the majority of stone aggregate sizes did
not meet the current guidelines (which recommend an aggregate size in the 10-40
mm range; Teagasc, 2022). When established filter design criteria were applied to
the available aggregate sizes, many of the aggregate grades in use were too large
for clay-textured (“heavy”) soils and were therefore unsuitable for use. A
subsequent study (Byrne et al., 2022b) found that only aggregates in the 0.7-to-19-
mm-size range performed adequately in a clay-textured soil from both filtration and
hydraulic perspectives. When the cost of the aggregate material was also
considered, aggregates in the lower size range (0.7-10 mm) were 18 to 50% more
expensive than aggregates in the higher size range (10-19 mm).

Synthetic envelopes are commonly used worldwide and have replaced aggregates

in many instances due to their relatively low cost compared to aggregate materials,
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which, even if competitively priced, have higher transportation and associated fuel
costs during installation (Vlotman et al., 2020). They are commonly used in
unconsolidated soils to prevent the movement of sediment into the drainpipe (El-
Sadany Salem et al., 1995). Conversely, field drains in consolidated soils with a
clay content greater than 25% do not require a filtering envelope (Vlotman et al.,
2020). Synthetic envelopes are classified into two main categories: Prewrapped
Loose Materials (PLMs) and Geotextiles (Stuyt and Dierickx, 2006). PLMs contain
permeable structures consisting of loose, randomly orientated yarns, fibres,
filaments, grains, granules, or beads, surrounding a corrugated drainpipe and
retained in place by appropriate netting and/or twines. PLMs are usually installed
in non-cohesive soils where soils have less than 25 to 30% clay and less than 40%
silt. In the Netherlands, thicker PLMs are preferred in both cohesive and non-
cohesive soils (Stuyt et al., 2005; Vlotman et al., 2020). Geotextiles are planar,
permeable, synthetic textile materials that may be woven, non-woven, or knitted,
and are prewrapped around a drainpipe (Stuyt et al., 2005). Geotextiles have been
installed in large-scale land drainage systems in countries such as Canada, France,
the United Kingdom, and the United States of America (Stuyt et al., 2005). Ghane
(2022) showed the benefits of using a knitted geotextile sock for increasing the
effective radius (the effective radius of the drain is the radius of an imaginary
drainpipe with a completely open wall (Skaggs, 1978)), which in the field
theoretically increases drain spacing. Subsequent work has verified this in sand-

tank experiments (Ghane et al., 2022).

Located within the temperate climate zone for agricultural drainage conditions, the
main principles of land drainage design in Ireland are to exploit soil layers with
relatively high permeability by installing a groundwater drainage system or, where
such a layer is not present, to implement a suitable shallow drainage system (Tuohy
et al., 2016; Teagasc, 2022). In many countries, such as Ireland, the adoption of
synthetic envelopes such as geotextiles in drainage systems is slow due to a
combination of limited availability of drainage-specific geotextiles (which are
mainly used in construction and civil works), unknown suitability in clay-textured
soils, and historical (and continued) usage of aggregate as a drainage envelope
(which can be used in both shallow and groundwater drainage systems). Although

no data exist to show their suitability under Ireland-specific conditions (i.e.,
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hydraulic conductivity, filter performance versus cost), and in clay-textured soils,
these materials are still being installed on farms due to their relatively cheaper cost
compared to aggregate envelopes. Double envelopes (envelopes comprising both a
geotextile envelope and an aggregate envelope, in any configuration) are being used
by farmers to improve drain envelope efficiency. The use of double-envelope
systems in agricultural drainage has been influenced by their use in highway and

construction drainage systems (TNZ, 2003; Tll, 2015; Typargeosynthetics, 2012).

The objectives of this laboratory study were to compare (1) the hydraulic
conductivity and filter performance of two synthetic envelopes (non-woven
geotextile and filter sock); two synthetic envelopes used in combination with a
stone aggregate; and an optimally functioning stone aggregate; and (2) the cost of
synthetic envelopes and aggregate, to develop a performance-based cost index of
drainage envelopes. These results will enable a direct comparison between the
suitability (performance and cost) of geotextile envelopes and stone aggregates in
a clay-textured soil and will assess if geotextile envelopes help enhance the function
of an aggregate envelope.

5.2 Materials and methods

5.2.1 Soil, synthetic envelope and stone aggregate

A clay-textured soil was collected from the Teagasc Solohead Research Farm
(latitude 52° 51' N; 08° 21' W; altitude 95 m a.s.l.). It was dried for 24 hr at 110 °C
and sieved to pass a 2 mm sieve grade. The textural class was determined using
ASTM (2021): 7%, silt 37%, clay 56% (clay texture). The synthetic envelope
materials were a: (1) 0.8-mm-thick needle-punched, non-woven geotextile (Thrace
Synthetics SBNW, [Offaly, Ireland]) with a characteristic opening size (Ogo) of 100
pm (£ 30) (Ogo/dgao - 0.5; Ogo Of the geotextile fabric indicates that 90% of the pores
within the geotextile are smaller than the Ogo value, and dgo is the soil particle
diameter for which 90% of the soil particles are smaller (Elzoghby et al., 2021)).
The average water flow velocity (permeability) of the non-woven geotextile is 130
(+39) mm sec (manufacturer specification; EN 1SO 11058:2019) (Appendix C,
Figure S5.1); and (2) a 2 mm thick knitted polyester filter sock (Wetzel Technische
Netze, [Lowenberger Land, Germany]) with an Ogo of 150-200 pum (Ogo/dgo — 3 to
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4) and an average water flow velocity (permeability) of 400 mm sec™* (manufacturer
specification; EN ISO 11058:2019) (Appendix C, Figure S5.2). The geotextile
properties are based on information received from the manufacturers. There is a
limited selection of synthetic envelopes available within Ireland, and the selection
of treatments was dictated by the availability of these geotextile envelopes. The
stone aggregate was chipped limestone with a gradation of 2-10 mm (D15-D7s)
(Appendix C, Figure S5.3), and its selection was based on the results of a previous
study (Byrne et al., 2022b). The drainpipe used was a 70 mm inside diameter, single
wall corrugated pipe (80 mm outside diameter) (Floplast Ltd., Ireland). The

perforations are in a 2 x 2 offset pattern and are 2 mm “~ 15 mm in size.

5.2.2 Experimental design

Experimental units comprised a 0.93 m deep x 0.57 m diameter reinforced plastic
container (Figure 5.1). In total, five study configurations (referred to in this paper
as ‘treatments’) were used. These were: a non-woven geotextile or a filter sock
wrapped around the drainpipe, with no aggregate (Treatments 1 and 2,
respectively), a non-woven geotextile wrapped around stone aggregate (hereafter:
non-woven geotextile + aggregate; Treatment 3), a filter sock wrapped around a
drainpipe surrounded by stone aggregate (hereafter: filter sock + aggregate;

Treatment 4), and a stone aggregate alone (Treatment 5).

In Treatments 1 and 2 (Figure 5.1a), a 0.1 m deep layer of sand, compacted using a
tamping device (0.3 m diameter round base with a 5 kg weight, dropped from a
height of 0.6 m) was overlain by a 0.05 m deep layer of clay-textured soil (dry
milled soil <2 mm). A non-woven geotextile (Treatment 1), or filter sock
(Treatment 2), was prewrapped directly around the drainpipe. A 0.08 m deep layer
of soil, compacted into two equal layers, was added around the drainpipe. Finally,
a 0.3 m deep layer of soil, compacted in six equal layers to a wet density of 964.6
kg m=, was added. The edges of each layer of soil were pressed against the walls
of the container by hand to ensure no by-pass flow occurred during the experiment.
Treatments 3, 4, and 5 (Figure 5.1b, ¢, and d, respectively) contained clay-textured
soil filled to a depth of 0.02 m, overlain by 0.21 m of aggregate (2 to 10 mm; D1s-
D7s). The top of the drainpipe was installed 0.23 m from the bottom, followed by
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0.15 m of aggregate over the drainpipe, and, finally, a 0.15 m-deep layer of soil. In
these study configurations, a non-woven geotextile fully surrounded the aggregate
(Treatment 3), a filter sock was prewrapped around the drainpipe (Treatment 4), or
only aggregate was used (Treatment 5).

Each treatment was conducted over a 31-day period. All units were overlain by 0.4
m of water. In order to prevent damage to the top layer of soil during the initial flow
of water into the tank, an aluminium tray (0.2 x 0.2 x 0.05 m) was used to disperse
the water. This tray was subsequently removed once a constant head was achieved.
All experimental units were strengthened by nylon straps, and paraffin wax was
applied at the edges of the topsoil layer to prevent by-pass flow. The following
measurements were made discharge of water through the drainpipe outlet (an
indicator of the hydraulic conductivity functionality of the envelope), expressed as
L m* of drainpipe (0.08 m dia), and total suspended solids (TSS) (to determine the
filter functionality of the envelope), measured in accordance with BS872 (BSI,
2005). In order to estimate total sediment loss (g L m™ of drainpipe) daily and
cumulatively, TSS concentrations were multiplied by the discharge rate.

The discharge performance criterion was assessed by direct comparison with the
performance of 15.5-19 mm diameter aggregate, identified by Byrne et al. (2022b)
to have the lowest cumulative discharge in a study comparing the discharges of
aggregates ranging in size from 0.7 to 62 mm. That study had an identical
configuration to Treatment 5 (aggregate only) in the current study and also
contained the same clay-textured soil. In order to compare the discharge of both the
current study and that of Byrne et al. (2022b), the cumulative discharges from the
five configurations of the current study by day 31 were compared to Byrne et al.
(2022b) — 16745 L m. Similarly, the filter performance was compared to
aggregates with a size ranging from 0.7 to 3 mm, which were found by Byrne et al.
(2002b) to have the worst filtration performance of aggregates ranging in size from
0.7 to 62 mm. A similar comparison of both studies was conducted, with a target
cumulative TSS of 61 g m™ by day 31 being identified.
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Figure 5.1 Laboratory unit design for the synthetic envelope, aggregate (2—10 mm),
and clay-textured soil combination with depth profiles indicating: (a) the non-
woven geotextile or filter sock (Treatments 1 and 2, respectively); (b) the non-
woven geotextile wrapped around the aggregate envelope (Treatment 3); (c) a filter
sock prewrapped around the drainpipe (Treatment 4); and (d) a 2 to 10 mm
aggregate installed around the drainpipe (Treatment 5).

5.2.3 Envelope material ranking

To determine the cost effectiveness of these treatments, the cost was expressed as
€ m of drainpipe. The cost of all aggregate ranges available in Ireland (Byrne et
al., 2022b) was modified from € T (tonne) to an estimated € m™ (assuming a 0.3 x
0.35 m trench (W x H) and an estimated aggregate density of 1500 kg m= (0.16 T
m? of gravel)) to compare cost effectiveness across all aggregates and synthetic
treatments. Under the ‘discharge and sedimentation performance’ category,
treatments were either suitable or unsuitable based on their passing or failing the

discharge and/or sedimentation criteria. Assessing treatments in ‘overall cost and
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performance’ category, treatments with suitable performance characteristics were
optimal or sub-optimal for use. If treatments do not have favourable performance
characteristics, they are substandard. The cost data obtained were amalgamated
from Byrne et al. (2019) and Byrne et al. (2022b).

5.2.4 Statistical analysis

Statistical analysis was carried out using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA). A univariate analysis of the data was conducted to determine normality. The
data were shown to be non-normally distributed. The effects of envelope function
on discharge and sediment loss across 5 treatments were measured using the PROC
MIXED procedure with repeated measures where time was a factor (T = 10, 20, and
31). Statistical significance was assumed at a value of P <0.05.

5.3 Results

5.3.1 Hydraulic performance

Figure 5.2 shows the discharge of five treatments over the total study duration of
31 days. Cumulative discharge rates ranged from 5918 L m™ to 47282 L m™*. All
treatments, with the exception of Treatment 2, exceeded the discharge criteria of
16745 L m™. Cumulative discharge was highest in filter sock + aggregate
(Treatment 4) and non-woven geotextile + aggregate (Treatment 3) (47282 and
33783 L m?, respectively). Treatment 5 and Treatment 1 had similar cumulative
discharge levels (20229 and 19131 L m™, respectively). The lowest cumulative
discharge was observed with the filter sock treatment (Treatment 2; 5918 L m™),

failing to meet the discharge criteria.
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Figure 5.2 Cumulative average discharge rate, with the minimum required
discharge allowed under the hydraulic conductivity (discharge) criterion
highlighted in red (error bars indicate the standard deviation).

5.3.2 Sediment loss

Only two Treatments (Treatment 3 and 5) met the TSS criterion for effective
filtration performance (less than 61 g m™). TSS losses observed across the
treatments ranged from 11 g m™ (Treatment 5; 2-10 mm aggregate) to 89 g m*
(Treatment 2; filter sock) (Figure 5.3). The aggregate (Treatment 5) had the lowest
TSS losses of the five treatments (11 g m™). The highest TSS losses were observed
using the filter sock and non-woven geotextile (Treatments 2 and 1) (89 and 81 g
m, respectively). The majority of the sediment lost for each treatment occurred
within 7 days of the start of the experiment: losses during this period, expressed as
a percentage of the total sediment loss over the experiment’s duration, ranged from
58% (filter sock + aggregate) to 77% (filter sock). After this time, sediment loss

was greatly reduced, potentially due to blocking of the filter during this period*

4 A wet sieving test to determine the changes in aggregate stability and sediment incursion over
this period of time should be conducted in further studies to determine this.
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Figure 5.3 Cumulative discharge weighted sediment loss, with the maximum
sediment loss allowed under the filter (sedimentation) criterion highlighted in red
indicating the worst performing aggregate (Byrne et al., 2022b) (error bars indicate

the standard deviation).

5.3.3 Data aggregation and cost analysis for selection

Table 5.1, combining both the performance and cost of materials, indicates that
Treatment 5 (2-10 mm aggregate) is optimal for use based on both cost and
performance, with the lowest cost where it exceeded both the hydraulic and filter
design criteria. The non-woven geotextile + aggregate (Treatment 3) was 42% more
costly than aggregate alone and had a 67% increase in discharge and a 155%
increase in sediment loss in comparison with the aggregate. Moreover, it performed
effectively with regard to the discharge and filter (sedimentation) criteria. The filter
sock + aggregate (Treatment 4) performed effectively with regard to the discharge
criterion, but it produced TSS above the limit of acceptable sediment losses. The
other treatments (Treatment 1 and 2) failed on the filter (sedimentation) criteria,
while Treatment 2 was below the limit for discharge criteria and Treatment 1 was

above the acceptable limit.
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Table 5.1 Synthetic and aggregate envelope suitability for use with clay-textured soils from a discharge, sedimentation,

and cost perspective.

Treatments Cost€ m? | Discharge and Overall cost
Treatment ) ] ] ] )

(Aggregate, b Discharge Sedimentation (ex VAT ex | sedimentation and
number

D1s5-D75 (mm)) delivery)? performance performance?

Synthetics

Non-woven )

_ 1 v X 0.83 Not suitable Substandard

geotextile

Filter sock 2 X X 1.23 Not suitable Substandard

Non-woven

geotextile + 3 v v 2.83 Suitable Sub-optimal

aggregate

Filter sock + )
4 v X 3.23 Not suitable Substandard

aggregate
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Aggregate

Aggregate
Optimum
Range (2-10

mm)

2.00

Suitable

Sub-optimal

1Cost of aggregates € m™ assumes 0.16 T m* of aggregate used.

2Treatments with suitable performance characteristics were optimal or sub-optimal for use. If treatments were classified as ‘not suitable’ in the

discharge and sedimentation performance category, they are considered substandard for the overall assessment. The aggregate optimum range

(2-10 mm) is classified as sub-optimal due to its increased cost over other suitable aggregates in the 0.7 to 19 mm range (Byrne et al., 2022b)
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5.4 Discussion

5.4.1 Discharge, sedimentation and cost of geotextiles

Based on discharge and TSS losses, both non-woven geotextiles and filter socks
should not be used where geotextiles are surrounding the drainpipe in clay-textured
soils, as these treatments did not meet both the required minimum discharge rate
and sedimentation criteria (Section 5.2.2). No difference in the day of peak flow
(indicating hydraulic saturation) (Appendix C, Figure S5.4) was observed between
treatments based on differing soil overburden thickness in Figure 5.1. El-Sadany
Salem et al. (1995) concluded that thin envelopes were at a higher risk of clogging
than voluminous envelopes, while Choudhry et al. (1995) likewise concluded that
although a selection of needle-punched, non-woven geotextile envelopes had met
the particle-retention criterion in their experiments, the envelopes could not meet
the standard of desired blocking, clogging, and hydraulic performance. They
concluded that further testing was necessary. Non-woven geotextiles and filter
socks had the lowest cost for an envelope on a € m™ basis, but with poor hydraulic
and filter performance, these geotextiles are not suitable for use in clay-textured
soils. The range of aggregates (0.7-19 mm) identified by Byrne et al. (2022b) is
preferred with a clay-textured soil. These aggregates had lower rates of cumulative
TSS and greater cumulative discharge rates than the geotextile treatments
investigated in the current study.

5.4.2 Discharge, sedimentation and cost of the non-woven geotextile and
aggregate combination

The non-woven geotextile + aggregate combination met the criteria for discharge
and sedimentation rate, but this combination is not recommended as it still exhibits
the same potential risks of clogging as highlighted in Section 5.4.1. Although this
treatment method is commonly applied in road drainage systems where a
geosynthetic material (typically non-woven geotextile) is placed over the top of the
aggregate at the edge of road drainage systems (TNZ, 2003; TlI, 2015), the higher
discharge rates observed for this treatment may lead to a filter cake formation over
time at the interface between the soil and the envelope (Stuyt and Dierickx, 2006)
due to higher hydraulic conductivity rates. This is backed up by the higher sediment

transmission observed for this treatment in comparison to the aggregate treatment.
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Additionally, Elzoghby et al. (2021) found that although the non-woven geotextiles
(Typar SF27 and Typar SF20) used indicated effective filtration of soil particles,
five times more fine soil particles than the original soil were found at the geotextile-
soil interface. This highlights the importance of considering the Ogo of both the
geotextile material and soil size distribution (Stuyt and Dierickx, 2006). In the
current study, a 42% increase in cost per metre (for the non-woven geotextile +
aggregate) yielded only a 67% increase in cumulative discharge at day 31. The
potential filter cake development at the soil-envelope interface after installation and
the small increase in discharge do not currently justify the use of this combined

treatment.

5.4.3 Discharge, sedimentation and cost of the filter sock and aggregate
combination

The filter sock + aggregate drain envelope is considered unsuitable for use based
on failing the sedimentation criterion. The highest discharge rates were also
observed for this treatment. This treatment is thought to limit blocking of the
envelope system by reducing hydraulic gradients and movement into the envelope,
thereby allowing it to function effectively for longer. Swihart (2000) found that the
use of a geotextile sock around the drainpipe combined with a sand envelope
produced a discharge 3 to 12 times higher than tests conducted without the
geotextile sock (analogous to the filter sock + 2-10 mm aggregate combination).
The high discharge rates observed in this experiment and a larger Ogo size (150—
200 pm) of the filter sock help to limit the blocking of the filter while aiding
increased hydraulic performance. These higher discharge rates caused greater
sediment transmission, which may potentially block the drainpipe quicker than at
lower discharge rates. The 62% increase in cost per metre (for the filter sock and
aggregate treatment compared to the aggregate treatment) yielded a potential 134%
increase in cumulative discharge at day 31, but the factors discussed above may
potentially mitigate these increases over time due to increased sediment
transmission and blocking of the aggregate envelope and drainpipe. Until further
research is carried out on this potential combination, the filter sock should not be

recommended in combination with an aggregate.
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5.4.4 Discharge, sedimentation and cost of the aggregate, and its suitability
based on installation methods and availability

The 2 to 10 mm diameter stone aggregate performed more effectively for hydraulic
and filter performance than the geotextiles alone. Cumulative TSS levels in the
geotextile + aggregate treatment was 143% higher than in the aggregate only
treatment, while only a 67% increase in discharge was observed for the geotextile
+ aggregate treatment over the aggregate alone.

Additionally, it was more cost-effective (in comparison to the geotextile +
aggregate treatments) but is still considered sub-optimal based on its increased cost
compared to other suitable aggregates in the 10 to 19 mm range that were more
suitable based on both cost and performance aspects (Byrne et al., 2022b). The
suitability of both aggregates and geotextiles in clay-textured soils has a number of
advantages and disadvantages. Although relatively expensive compared to
synthetic envelopes, stone aggregate is abundant in Ireland (Byrne et al., 2022a),
and the production of aggregate sizes within the current national guidelines (10 to
40 mm, with increased filtration performance evident from 10 to 20 mm aggregates)
(Teagasc, 2022) will improve drain envelope performance. Geotextiles or any
synthetic envelopes tend to be unsuitable where fine-textured heavy soils dominate
and shallow drainage techniques (e.g., sub-soiling, mole drains, and gravel mole
drains) are employed (Teagasc, 2022). Such shallow drainage systems are
commonly applied in Ireland where no permeable soil layer is present in the soil
profile (Teagasc, 2022). Tuohy et al. (2018) highlighted climate trends and
predictions of future higher rainfall intensities. This may result in more shallow
drainage systems being installed on heavy clay soils where drainage works were
previously not justified due to increased rainfall intensity, waterlogging, reduced
yields, and low soil bearing capacity. This will require the continued use of shallow

drainage systems and necessitate the use of stone aggregate in most situations.

This study will help inform the selection of geotextiles used in clay-textured soils
and additionally provide information on possible future synthetic materials that

become available on the Irish market for installation in subsurface drainage
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systems, but each synthetic envelope will still have to be tested due to the varying

physical properties (Palmeira and Gardoni, 2002).

5.5 Conclusion

The results showed that locally available non-woven and knitted sock geotextiles
alone did not function as well as 2 to 10 mm diameter stone aggregate and were
unsuitable for the tested clay-textured soils in Ireland. The selection of suitable
geotextiles was limited by local availability. Both double envelope synthetic
envelope treatments performed effectively from a performance perspective but are
currently uneconomical. Further drain envelope efficiency would be achieved from
greater adoption of aggregates in the 0.7 to 19 mm range by farmers and contractors
and greater production of this aggregate range in quarries around the country.
Future research on thicker synthetic envelopes (with similar performance
functionality to aggregates) to aid in reducing the cost of drainage works may be

required, but the current availability of these envelope types locally is unknown.
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Chapter 6 Conclusions and Recommendations

6.1 Overview and context

The initial hypothesis of this study was that the stone aggregate sizes in use as
drainage envelope materials in Ireland were much larger than recommended under
the current national guidelines or established filter design criteria for drainage
envelopes. A need was identified to establish guidelines for a range of materials
suitable for clay-textured soils in Ireland. Chapter 3 developed a database
classifying the distribution, type, popularity, size and availability of aggregates in
quarries throughout Ireland. The key findings of Chapter 3 were that in many
regions across Ireland, aggregates larger than the current national recommended
guidelines (10 — 40 mm) are used in agricultural drainage envelopes. This will likely
cause problems with the ability of the envelope to filter any soil material and
potentially may affect the lifespan of the drain system.

The objectives of Chapter 4 and Chapter 5 were to assess, in laboratory
experiments, the hydraulic and filter performance, and associated cost, of a range
of aggregate gradations (identified in Chapter 3) and geotextile envelopes in clay-
textured mineral soils. This allowed a comparison to be made between geotextile
envelopes and stone aggregates, considering performance and cost. The findings of
Chapter 4 were that only aggregates in the 0.7 to 19 mm range are suitable for use
in clay-textured soils. Discharge was inversely related to aggregate size, with larger
discharges being measured in the smaller aggregate sizes and smaller discharges
measured in the larger aggregate sizes. For all aggregates examined, discharge was
greatest at the start of the experiment before reducing over time. The findings of
Chapter 5 were that non-woven geotextiles and filter socks should not be used
where geotextiles surround the drainpipe in clay-textured soils, as these treatments
did not meet both the required minimum discharge rate and sedimentation criteria.
The use of geotextile + aggregate combinations were not recommended, because
they posed a potential risk of clogging. Additionally, the cost of the geotextile +
aggregate combination was not justified based on the increased performance

observed over the aggregate alone.

It is important to note that while the continued use of stone aggregate in clay-

textured soils is recommended, it is necessary to conduct in situ field experiments
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to determine their suitability using various installation techniques and based on a

range of hydrological conditions. The same applies to the geotextile materials

examined in this study.

6.2 Conclusions

The main conclusions of this study are:

The sizes of aggregates currently in use in Ireland are larger than what is
specified by the current national guidelines (10 to 40 mm). In addition, they
do not conform to established design criteria for drainage systems, which
specify a smaller aggregate size than what is currently in use. Further
research is needed to investigate the efficacy of materials currently in use in
Irish drainage systems and to identify suitably sized aggregates for Irish
mineral soils.

The method used by quarries in identifying aggregates by a single aggregate
size (“Q size”) or a Q size within a specified grading range, does not give a
fair reflection of the true gradation of aggregate being sold by quarries. This
approach causes confusion regarding the aggregate being used by the
drainage contractor or farmer. To remove confusion, a standardisation of
quarry aggregate specifications based on their grading range (Doo—D1o0) is
required. This allows the selection of a suitable aggregate range based on
current national guidelines (10 to 40 mm) or by applying established
aggregate filter design criteria.

Aggregates ranging in size from 0.7 to 19 mm performed adequately in
terms of hydraulic and filter performance in laboratory trials. The results
showed that increasing aggregate size resulted in decreased hydraulic
performance. The lowest amount of soil in the pipe and in the envelope at
the end of the experimental period was observed in an aggregate ranging in
size from 0.7-3 mm. When the cost of the aggregate material is considered,
aggregates in the lower range are 18 to 50 % more expensive than
aggregates in the higher range, which would be optimal from performance
and cost perspectives.

Locally available non-woven and knitted sock geotextiles alone did not

function as well as 2 to 10 mm stone aggregate and were unsuitable for Irish
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clay-textured soils. The selection of suitable geotextiles was limited by local
availability. Both double envelope synthetic envelope treatments performed
effectively but are currently uneconomical. Further drain envelope
efficiency would be achieved from adoption of aggregates in the 0.7 to 19
mm range by farmers and contractors and greater production of this

aggregate range in quarries around the country.

6.3 Limitations

The laboratory tests conducted in this study are stress tests comparing
envelopes under controlled laboratory conditions. The results cannot be
directly translated to field conditions and are subject to field testing.

The mechanisms of the envelope-soil and envelope-pipe interactions were
not studied but may provide useful information on why some envelopes get
blocked and others do not.

The laboratory tests conducted used only a clay textured soil, but clay loam
textured soils are also commonly drained in Ireland. Experiments should be
conducted on this soil texture to determine envelope suitability.

6.4 Recommendations

The main recommendations from this thesis are:

Limestone is the most abundant rock type available in Ireland. Limestone
from quarries should be tested to determine their vulnerability to chemical
precipitation of calcium carbonate under rainwater and acidic soil
conditions, as precipitation of calcium carbonate has the potential to block
both envelope systems and drainpipes.

Quarry aggregate should be standardised based on their grading range (Dgo—
D1o) across all quarries. This would eliminate confusion over the size of
aggregate being used by the drainage contractor or farmer when purchasing
drainage aggregate in the future. It is advised that this recommendation
would be disseminated by Teagasc to the quarries directly.

Laboratory experiments, like those described in this thesis, could be used as

a quick screening method to determine the suitability of new geotextile
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materials that become available in the Irish market before, they are used in
the field.

Further research should be conducted in the field, with the envelope
materials considered optimal based on the laboratory experiments
conducted in this thesis. This would allow their selection and assessment for
use based on the field conditions and installation methods used.
Clay-textured soils are predominantly drained in Ireland, but laboratory
tests, like those described in this thesis, could be conducted to determine the
suitability of stone aggregates and geotextiles in different textured, poorly
drained, Irish soil types. Drainage of these poorly drained soil types will
play a large role in Irish agriculture meeting their climate change targets.
A series of parallel flow permeameter tests could be conducted to observe
the physical processes of particle passage and envelope clogging involved
in the soil-envelope interaction for several geotextile and aggregate
envelopes.

Field experiments should be conducted with aggregates and geotextiles to
determine groundwater levels and discharge in the field.

Envelopes should be examined to determine their suitability for use in soils
with high iron contents, which are susceptible to iron ochre deposition.
Additionally, methods to reduce or remove iron ochre deposition in drainage
systems should be examined.

Drainpipes act as pathways for the discharge of nitrogen (and less so
phosphorus) to open drains and subsequently stream and river systems,
which can have a number of effects on the ecosystem of these water bodies.
Envelope materials should be examined to determine their nutrient

attenuation capacity.
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Appendix: Additional survey information on indicative aggregate costs

Cost survey

From the survey carried out in December 2018. The survey sought information on
lithology (limestone, sandstone, mixed, or other); aggregate sizes (henceforth
“quarry size” or “Q size”) sold (three selections maximum), which represents an
approximation of the size of aggregate in mm as specified by the quarry. This can
be a single size (where the gradation is unknown) or, in some cases, a size range
(where the gradation is indicated). Where three sizes were specified, information
on the cost of this aggregate gradation was collected. The costs of the materials are

quoted per tonne, excluding haulage and VAT.

Aggregate costs based on lithology and region

Table S3.1 outlines the prices for average sizes by region. They vary with rock type,
size, quantity purchased, delivery distance, and the intensity of grading and washing
conducted, and are only provided as an indicative cost of aggregate in Ireland. On
average, a 50 mm stone costs €8.87. This can vary anywhere from €5.50 to €12.50.
The average cost for a 20 mm, 20-40 mm, and 20-50 mm stone is €10.00. The larger
75 mm and 100 mm stones are cheaper at €8.41 on average, with the smaller 10
mm, 12 mm, and 14 mm stones costing around €9. Larger aggregate sizes generally
have lower end costs due to less material processing required and these sizes being
less popular for use in the construction and road building industries. The cost of

most sizes in Munster was more expensive than those in Connaught or Leinster.

Table S3.2 shows the breakdown of stone types for the three main rock types. When
divided by lithology, the most expensive is gravel, followed by sandstone and
limestone, respectively. Gravel, generally used as a drainage stone, is usually more
expensive due to the lower abundance of natural gravel quarries and its suitable
application for various drainage purposes. Gravel quarries in Ireland are abundant
but are mainly located within the centre of the country. While sandstone is mainly
available within the Munster region, it is usually more expensive than limestone
due to it being a harder-wearing stone that is not susceptible to breakdown
physically or chemically. Limestone, being the cheapest aggregate type, is available
throughout Ireland, and its abundance makes it a cheaper aggregate type to buy.
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Care must be taken when selecting a limestone aggregate, as certain limestone types
have a high percentage of calcium carbonate, which makes them susceptible to
chemical breakdown, and the chemical precipitate (calcite) can bind the stone

together and in turn reduce its porosity (Stuyt et al., 2005).
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Appendix: Supplementary Figures and Tables for Chapter 3

Figure S3.1 A selection of Q20 mm aggregates of different lithologies.

Table S3.1 Aggregate cost by region.

Aggregate ‘Q’

size (mm)? Munster Connaught Leinster
10 ) - €9

e ) - €9

t ) - €9

20 €10 €9 €10

50 €9.42 €8.36 €8.14

75 €8.20 €8.86 ;

100 €8.20 €8.86 ]
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20-40 €11 €9 €9

20 - 50 €11 €9 €9

'The ‘Q’ size indicates an approximate size of the aggregate as specified by the quarry. This can

either be given as a gradation (20-40 mm) or a single size (50 mm).

Table S3.2 Aggregate cost by type.

Aggregate ‘Q’

size (mm) Gravel Sandstone Limestone
10 €10.16 - €8

20 €10 - €9.50

50 €10.13 €9.30 €8.11

75 - €10 €8.57

100 €10 €7.75 €8.10
20-40 €9 €9.50 €6.50
20-50 €10 €9 €11.50

1The ‘Q’ size indicates an approximate size of the aggregate as specified by the quarry. This can

either be given as a gradation (20-40 mm) or a single size (50 mm).
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Appendix: Supplementary Figures for Chapter 4 indicating the flow of water

through the experimental units and the daily flow weighted sediment loss.

Outflow

................ o .

Figure S4.1 Flow pathway of water through the experimental unit.
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Figure S4.2 Daily flow weighted sediment loss g m™ of drainpipe, showing

sediment loss during the initial settlement period of the soil.

Appendix: Soil layer development experiments
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An experiment was carried out to determine an appropriate soil thickness in the
experimental units in order to limit "failure™ of the envelope in this study (when the
soil structure was observed to collapse or when there was excessive movement of
soil through the envelope material within the first 24 hours of operation; Stuyt et
al., 2005). The aim of this experiment was to determine a suitable thickness of soil
for use in experimental units (used in Section 4.2) that would provide no break in
the surface layer (indicating excessive movement of soil) while enabling the
maximum flow rate possible. The experiment used three different soil thicknesses
of 10, 15, and 20 cm, tested in conjunction with an 11 to 17.5 mm diameter
aggregate (D1s-D7s). Figure S4.3 shows the flow rate of water through the trial unit
over a period of 10 days. The flow rate through the different layers was greatest in
the 15 cm layer. The lowest flow was observed in the 10 cm and 20 cm layers,
respectively. On day 3, 16.00 hr, a break in the surface of the soil layer was observed
in the 10 cm layer (Figure S4.4). After this time, an associated increase in flow was
observed, linked to the direct flow through this broken layer of soil. Because of this,
the 10 cm soil layer was considered too thin for use. The 15 cm soil layer was
accepted for use based on flow rate, workability, and enabling finer sediment to
wash through the envelope without compromising the structural stability of the soil

layer, resulting in failure of the unit.

25

Flow rate L min!
=] —
th — n

(“

w10 cm layer

15 cm layer

/\g—/\—— ——20cm layer
e

Day 3 09.00 -

Day 1 14.00
Day 1 14.30 -
Day 115.30 -
Day 1 17.00 -
Day 2 09.30 -
Day 2 13.30 -
Day 2 17.00 -
Day 3 13.30 -
Day 3 16.00 -
Day 4 15.15 -
Day 6 10.45 -
Day 6 15.15 -
Day 7 09.00 -
Day 7 16.00 -
Day 8 09.00 -
Day 8 17.00 -
Day 9 10.00 -
Day 9 17.00 -

Day 10 10.00 -

Day 10 16.30 -

Operation day and time

Figure S4.3 Flow rate of water through the drainpipe under three soil thicknesses.

111



A break in the surface of the 10 cm soil layer was observed on Day 3 16.00 hr
(see Figure S4.4.).

Figure S4.4 Break in the 10 cm soil layer observed on Day 3 16.00 hr.
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Supplementary material: Supplementary figures and tables for Byrne et al.
(2022) “Investigating the suitability of synthetic envelopes as an alternative or

complement to stone aggregate in clay-textured soils in Ireland”

Figure S5.1 Needle punched non-woven geotextile with a characteristic opening
size (Ogo) of 100 um (£ 30).
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Figure S5.2 Knitted polyester filter sock with an Ogo 0f 150 — 200 pum.
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Figure S5.3 Chipped limestone with a gradation of 2-10 mm (D15-Dzs).
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Figure S5.4 Daily discharge L m™ of drainpipe.
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Abstract

The performance of land drainage systems installed in mineral soils in Ireland is highly variable, and is dependent
on, amongst other factors, the quality and suitability of the aggregate used. In Ireland, aggregate for land drainage
systems is usually river-run gravel and crushed stone. This study classified the distribution, type, popularity, size
and availability of aggregates for land drainage systems throughout Ireland and quantified their suitability for use in
mineral soils. Eighty-six quarries were surveyed. Limestone and river-run gravel (80% of lithologies) are widespread
throughout the couniry. The quarry aggregate sizes (“Q sizes”), reported by the quarries as either a single size,
that is, “50 mm”, or a graded size, that is, 20-40 mm, were variable, changed across lithology and region and were,
i most cases, larger than what is currently recommended. A particle size distribution analysis of 74 samples from
62 quarries showed that individual Q sizes increased in variabilily with increasing aggregate size. In some regions,
the aggregate sold does not meet current national regulations, which specify an aggregate size ranging from 10 to
40 mm. The suitability of these aggregates for drainage in five soils of different textures was compared using three
established design criteria. It was found that the aggregate in use is too large for heavy soil textures and is therefore
unsuitable as drainage envelope material. Guidance for contractors, farmers and quarry owners will be required,
and investment may be needed by quarries to produce aggregate that satisfies design criteria. An aggregate size,
based on one or a combination of established aggregale design criteria, where an analysis of the soil texture is
conducted and an appropriate aggregate is chosen based off its 15% passing size, is required.

Keywords

Drain envelopes - drainage materials = hydrofogy - fand use = soil management

Introduction

Subsurface drainage in agriculture plays an important role
in the removal of excess surface and subsurface water from
poorly drained soils. Drainage of mineral soils supporls
increased production and, logether with other technologies
and optimised soil fertility, facilitates produclive grasslands
(Tuchy et al., 2018a). The removal of excess waler has many
benefits, including increased trafficability and crop yield,
reduced surface runoff, improved soil structure and reduced
total phosphorus losses (lbrahim ef al., 2013, Daly ef al,
2017). A lypical subsurface Tield drainage syslem consists
of a network of corrugated or smeooth perforated pipes
surrounded by an envelope material (Vlotman el al., 2001).
The drain envelope has three primary roles: filtration to
prevent or restrict soil particles entering the pipe, where they
may selile and eventually clog the pipe, reduction of water
entry resistance to the pipe; and the provision of support to

TConespmding author: 1. Byre
E-mail: ian.byrne@teagascie

comeuscriol

the pipe to prevent damage due to the scil lcad (Ritzema
et al., 2008).

Envelope malerials may be divided intc three calegories: mineral
(sand and river-run gravel, crushed stone, shells, elc.), organic
(straw, woodchips, healher bushes, peal litler, coconul fibre,
elc.) and synthelic (pre-wrapped loose materials), made from
waste synthetic fibres and geotextiles, which may be woven,
non-woven or knitted (Stuyt et al, 2005). The type of materials
(mineral, organic or synthetic) in use in many countries is guided
by the availability, relative cost and eslablished criteria in use
in the country. In the Republic of Ireland (henceforth Ireland),
e.g. the typical envelope material used is mineral aggregate
(crushed stone and river-run gravel), which is based nct on
the appropriateness of a given material for a particular soil or
appropriate international criteria, but on other factors such as
cost, convenience and availability.
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Research on land drainage systems in Ireland has mainly
focused on drainage praclices (Galvin, 1888, Ryan, 15986),
and more recently on field drainage design, Tield drainage
performance and environmental losses (Clagnan ef ai., 2018,
Tuchy et al., 2018a, 2018b, Valbuena-Parralejo eif al., 2018).
The performance and lifespan of land drainage systems in
Ireland are highly variable and poorly understood (Tuchy
el al., 2018a), and are dependenl on, amongslt cther factors,
the quality and suilability of the materials used in field
drains, and cn keeping such drains well maintained. Dierickx
(1993) cbserved that the majority of problems in selecting
appropriate materials are due to uncertainties about aggregate
specifications, aggregate form (rounded or angular), lack of
uniform aggregate quality, segregation during transpoeriation
and insltallation or poer availability of appropriale aggregate
for a given soil type. The relative costs of slone aggregate can
direct the farmer or contractor lowards unsuitable materials in
many cases.

Aggregate material can also vary widely in type and size,
due to a geographical bias in geclogy type, local preference
and quarry processing (Gallagher ef al., 2014). The Naticnal
Standards Autherity of Ireland (NSAI) provides guidance on
the size and type of materials for use in civil engineering
work and road construction (NSAI, 2002). Most quarries
comply with this guidance and therefore the sizes and types
of material available are mostly guided by these standards,
wilhout a particular focus on aggregate specification for land
drainage purposes. Currently, Teagasc (2013) recommends
an aggregate size in the 10-40 mm range. There is currently
no scientific basis on which this recommendation is made and
the aggregate distribution is net defined adequalely.

The objeclives of this study were to: (1) Tormulale a dalabase
classifying the distribution, type, popularity, size and availability
of aggregate for land drainage systems throughout Ireland
The generated database will then be used in conjunction with
established design criteria to assess the approprialeness
of aggregates in use for specific soil types. The database
may alsc be used in the fulure to assess the availability of
materials based on a recommendation that considers both
hydraulic and filter functicn of the envelope, (2) determine
if there is variation in the grades of aggregate scld under a
single label size (e.g. “50 mm") or a size range (e.g. 20-40
mmj; (3) determine the suitability of the currently available
sizes of aggregate for use in mineral soils in Ireland, based on
established internaticnal filter criteria.

Materials and methods

Survey
Information on quarries in Ireland, including their addresses,
contact information, lecation cocrdinates and lithology, was

obtained from Gallagher et al. (2014). In December 2018, a
survey was sent via e-mail to quarry managers. I no response
was received, the respondenis were contacted by phone.
The survey sought the following information: confirmation of
quarry name and company, lithology (limestone, sandstone,
mixed cor other); and aggregate sizes (henceforth “quarry
size” or ‘Q size”) sold (three selections maximum), which
represents an approximation of the size of aggregale in
mm as specified by the quarry. This can be a single size
(where the gradation is unknown) or, in some cases, a size
range (where the gradation is indicated). There were 60
respondents. As some respondents were responsible for
multiple quarries, 86 quarries were represented in total
The respondents do not represent all quarries operational
in Ireland, only a proportion (37%), based on data from
Gallagher et al. (2014) who replied with infermation on
aggregale lypes and sizes available for land drainage.
Quarry locations were mapped using a geographical
information system.

Sample collection and characterisation

Seventy-four individual samples of aggregate, each 60 kg
in weight, were collected from 62 quarries, representing 12
of the 26 counlies in Ireland. The other 24 quarries, delailed
above, were omilled. The samples collected adequately
represented the size, type (round or chip) and lithologies
available throughout the country. To get a 60 kg representative
sample, the following procedure was followed at all locaticns:
samples were ccllected from the top, middle and bottom of
slockpiles, where the surface layer was laken off and the
aggregate underneath was collected in accordance with
standard methods (ASTM, 2018b).

In order lo observe pelential differences between the stated
particle size distribution (PSD) sizes under the quarry labelled
sizes (Q size, either as a single size or graded figure) across
different quarries, and the aciual PSD sizes, 74 samples
were prepared for PSD analysis according to ASTM (2018)
and a dry sieve analysis was conducted according fo ASTM
(201@a). The four most popular indicative Q sizes from the
survey will be used for a semi-logarithmic plot of the aggregate
size (mm) versus their equivalent mass passing through each
sieve, aggregales with diamelers less than 0%, 50% and
10% of the total mass (henceferth D, D, and D, values,
respectively), grouped under the individual Q sizes.

Aggregate suitability for Irish mineral soils

The envelope provides three main functions. (1) hydraulic
function, which, with an appropriately sized aggregate,
increases the hydraulic circumference and limits the resistance
of water movement from soil to pipe; (2) bedding function,
which provides protection for the pipe, and (3) filter function,
which helps to prevent soil incursion into the envelepe and
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Figure 1. Surveyed quarry locations across Ireland, by lithology.
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aids in the hydraulic Tunction of the envelope. The Tocus of this
paper will be on aggregate size, 1o delermine the suitability of
aggregate sizes for agricultural land drainage.

Three criteria for aggregates were applied to five low
permeability Irish soils of varying textures: the US Soil
Conservalion Service (SCS, 1888), Terzaghi's criteria
(Terzaghi & Peck, 1981), and filter criteria developed by
Sherard et al (1884) for protection of hydraulic structures.
While not intended for application in subsurface drainage,
the principles may equally well be applied for the design of
gravel envelopes (Stuyt ef al., 2005). To facilitale comparison
of the surveyed aggregate size to the three filter criteria, the
D, was calculated for all 74 aggregates. The D, is used by all
three of the above criteria to limit the loss of fine scil material
(filter function) inte the drainage envelepe and through the
drain, where 85% of all scil material would be prevented
from entering the envelope, while still maintaining hydraulic
function of the envelope. This D, value originated from
Terzaghi's considerations on laboratory experiments, to limit
the loss of fine sediment (Terzaghi & Peck, 1861, Dierickx,
1983). While Dierickx (1993) states that “it can be seen that
the crileria of various sources do nol malch, even laking inte
account the distinction belween filler malerial (mechanical
function) and envelope funclion (hydraulic funclion)”, the two
other criteria (Sherard el al., 1984, SCS, 1988) have been
designed based on this work carried out by Terzaghi and thus
the D, criteria can be used as a comparison for the suitability
of these aggregales based cn different scil textures. Five
soil textures from Galvin (1983) were used: clay, clay loam,
loam, silly clay loam and sill lcam. The Irish Soils Information
System, using soil drainage class maps (Simo el al., 2014),
was used lo validate if these scils represented poorly drained
soils in Ireland.

Statistical analysis of the particle size distribution data
Aggregate size parameters (D,, D, and D, ) were analysed
by an analysis of variance with Q size as a factor. A univariate
analysis of the dala was conducted to determine normality.
The data were shown lo have a normal distribution of dala.
Fellowing this, comparisons between the indicative Q sizes
and the D, , D, and D_ values were made using a PROC
ANOWVA analysis with Bonferroni (Dunn) t test procedure in
SAS version 9.1.3 (SAS, 2008)

Results

Survey

The distribution and lithologies of quarries located throughout
Ireland based on survey results (of 86 quarries) are presented
in Figure 1. Based on visual observation from Figure 1,
limeslone was dislribuled in quarries throughout the country,

sandstone is moslly localed in quarries within the southermn
region, while river-run gravel quarries are mostly located in
the midlands (Figure 1). Limestone (42%) and river-run gravel
(38%) together make up 80% of the total lithologies surveyed,
with sandstone making up another 11% (Figure 2).

The Q sizes, as reported by the quarries, were variable
being reported as a single indicative size or a size range,
and showed that a wide range of material sizes were in use
for land drainage installation across the country (Figure 3).
Figure 4 shows the most pepular Q sizes by lithology. For
limestone, the Q sizes are 50 mm, 20 mm and 20-4C mm, for
sandsione, 50 mm and 100 mm are most popular. River-run
gravel had a similar trend to limestone with 50 mm, 25 mm,
20 mm and 20-50 mm being the most popular quarry sizes.
There were also regional variations in Q sizes (Figure 5). the
results showed that the average Q size in Munster was 53
mm, while the average Q size in Leinster was 31 mm.

PSD analysis

The results of the PSD analysis (of 74 samples) are presented
in Figure 6 and show a wide variation in the size of material
passing each of 80%, 50% and 10% marks for a single Q size.
This variation increased wilh increasing Q size. The mean
D,, values corresponded closest lo the associated Q sizes.
Statistical analysis indicated significant differences in actual

Dolorite:

Greywacke

Figure 2. The most commen quarry types in Ireland, by lithelogy
{n=100}.
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Figure 3. A selection of Q50 mm aggregates of different lithologies.

size between Q sizes for D,;, D, and D, parameters (P <
0.0001). However, Q10 (quarry size in mm) and Q20 sizes
did not have significantly different D, , D, and D, values, and
Q20 and Q20-40 did not have significantly different D, values.

Aggregate suitability for Irish mineral soils

Figure 7 shows the suitability of the 74 aggregates as a filter
material when the three aggregate design specifications were
applied to five soil textures commoen to Irish mineral soils. When
the specifications were applied (based on the D15/15% passing
size of an aggregate) to the five soil textures to determine
aggregate suitability, only a proportion of aggregates were
suitable for the loam soil, where 31% (23 aggregates comprising
limestone, river-run gravel and sandstone) of the aggregates
meet SCS (1988) specifications and 11% (eight aggregates
comprising limestone and river-run gravel) meet Terzaghi &
Peck (1861) specifications.

oo Il

e I R

=

Limestone

When the four other soil textures were applied to the
specifications, none of the aggregates were shown to be a
suitable aggregate to act as a filter for these soil textures.

Discussion

Survey

Thewide variation of aggregates, across lithology andregion, is
likely to affect the type and size of material available to a farmer
or contractor, if current practices are continued. The popularity
of larger Q sizes indicates that the recommendations made
by Teagasc (2013) for a clean aggregate in the 1040 mm
grading band are still not being fully adopted everywhere,
with either the average or maximum aggregate size sold in
some regions being larger than what is recommended. As
this 10-40 mm size is not based on scientific evidence and
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Lithology popularity by percentage total reported (%)

SLimestone n =73
& Sandstone n = 15

BRiver-run gravel
n=350

8
8888

Quarry aggregate size (mm)

Figure 4. The most popular aggregate Q sizes (indicative sizes as reporied by guarries, left: single size and right: grading band) for land

drainage from quarries surveyed by lithology (n = 138).

only on visual field observations, using sizes larger than this
recommendation will cause problems with the ability of the
envelope to filter any soil material, and will affect the lifespan
of the drain.

The abundance of limestone (42%) quarries may cause a
problem with the availability of suitable aggregates. Stuyt
et al. (2005) observe that limestone particles must be avoided,
because a high percentage of lime in aggregate envelopes
may be a source of encrustation. If limestone was not to
be recommended as a drainage aggregate, farmers and
contractors, especially in western counties, may have to travel
unreasonable distances to source an alternative material.
This should be considered in future studies on the selection of
suitable drainage aggregates.

PSD analysis

The PSD analysis trends indicate that there is generally
a large variation in actual aggregate sizes described by
different Q sizes. Therefore, aside from aggregate Q sizes
changing across lithclogy and region, the individual Q sizes
(e.g. 50 mm) are also highly variable. This is likely to create
problems in material selection and availability, as farmers or

contractors may have limited options of aggregate size and
lithology, depending on their location, and the size received
may not accurately reflect what is specified by or requested
from the quarry. This will have implications for both the
performance and lifespan of drainage systems installed. A
standardisation of the labelling of sizes is needed in order
to ensure the contractor or farmer knows the size range of
aggregate that they are purchasing. Reporting the given
aggregate size in the format of 90% passing (D,;) and
10% passing (D, ) of the total mass (e.g. 20-5 mm) would
give a standard range which would clearly represent
the aggregate size purchased. If current praclices are
maintained, even the selection of a size that is perceived
to be suitable for use may not reflect the design criteria of
aggregate needed.

Aggregate suitability for Irish mineral soils

Very few of the 74 aggregate samples meet the required
specifications, with only 31% meeting SCS (1988) criteria
and 11% meeting Terzaghi & Peck (1961) criteria for a loam
soil texture. Generally, loam soils are less inclined to require
extensive artificial drainage, and most drainage works will
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Figure 5. The average {mean of the mean}), minimum {mean of the minimum} and maximum (mean of the maximum; Q sizes (inclusive of
all lithologies} within each province based on survey data collected, The recommended size range of 10-40 mm from Teagasc (2013} is

highlighted in red

be concentrated on heavier soil types. In this context, the
suilability of some aggregates for loam soils may not have
widespread applicability and, in most cases, it is likely that no
aggregate would be suilable for use as per the three criteria
This indicates that there is a need for the reduction in the size
of aggregate that is used in agricultural land drainage if the
design crileria are o be achieved. Consullation with quarry
owners would be required to determine Il a suitable aggregate
size could be produced in each quarry, with minimum or no
investment, as the achievement of such size grading may
require new equipment and/or new procedures on site. The
aggregate currently sold for drainage works is far from ideal.
Development and disseminaticn of appropriate standards and
specifications of aggregates for land drainage works would
be needed lo allow quarries lo produce an appropriale size
of aggregate.

It is important te produce a suitable aggregate size, as an
unsuitable aggregate may lead to sediment loss through
drains (Ali, 2011). Sediment loss may lead to blocked drains
or reduced outflow of water from drains. Fine sediment
seltlement is usually limited as long as adequate outflow
and gradient are achieved, while coarser sand particles
will sellle in the drainage pipe (Sluyl el al., 2005, Teagasc,
2013). The amount of fine sediment lost through a drain can
be a primary method for particulate phosphorus transfer and
loss to drainage ditches (Shore et al., 2015), so the aim
of a drainage envelope should be to minimise the loss of
sediment from drains. This may not be achieved with the
current specifications of aggregate available. While much
of these criteria focus on filter performance, a filter would
evenlually become blocked, so an envelope has lo conform
{o the often conflicting criteria of hydraulic perfoermance and
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significantly different from each cther. D, values are denoted using a, b,

using o, B, ¥

filter performance (Stuyt et al., 2005). This requires a study
that looks at the performance of an aggregate envelope from
both a hydraulic and filter performance point of view, while
using soil with a heavy texture (soils rich in clay particles).

Conclusion

The current system of aggregates being identified by a single
Q size, or a Q size of a specified grading range, does not
give a fair reflection of the true gradation of aggregate being
sold by quarries. To remove confusion, a standardisation
of quarry aggregate specifications based on their grading
range (D,~D, ) is required. This approach would eliminate
confusion cver the size of aggregate being selected by the
drainage contractor or farmer when purchasing drainage
aggregate.

The sizes of aggregates currently in use in Ireland are
larger than whal was specified by Teagasc (2013), and the

¢; B, values are denoted using |, Il 1Il; B, values are denoted

suitability and preference of the current sizes of aggregate
for Irish mineral soils does not conform to three other filter
aggregate design criteria for drainage systems, which
specify a smaller aggregate size than what is currently
in use. Further research is needed on the efficacy of
materials currently in use in Irish drainage systems and to
identify suitably sized aggregates for Irish mineral soils.
Until this research is completed, it is preferential to select
an aggregale size based on one or a combination of the
aggregate design criteria identified in this paper, where an
analysis of the scil texture is conducted and an appropriate
aggregale is chosen.

A survey of quarries using the methedology developed in
this study could be carried out in other countries. In any
country, this informaticn would be important to optimise
advice over time. For example, information regarding the
ranges of aggregate proposed for land drainage works
versus what is available in (and reported by) quarries would
be useful.
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ARTICLE INFO ABSTRACT

Keywords;
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In Ireland, agricultural landscapes dominated by high rainfall and poorly drained soils have high densities of in-
field pipe drains surrounded by stone aggregate envelopes. Unlike other countries, there is limited availability
and use of synthetic envelopes, and no data exist about their suitability and efficacy in clay-textured soils.

]l:layr:l;oisjy Indeed, both aggregate and synthetic envelope based designs have been implemented without knowledge of their
Soil management suitability or efficacy. Available synthetic envelopes have two configurations: pre-wrapped loose materials and
Gleysols pre-wrapped geotextiles (woven, non-woven, and knitted, with the Imitted being the most common in the U.S.
Luvisols and Canada). In total, five configurations (referred to in this paper as ‘treatments’) were examined in this study

with a view to ranking them from performance and cost perspectives. The treatments were: a 0.8-mm-thick
needle-punched, non-woven geotextile or a 2-mm-thick knitted filter sock wrapped around the drainpipe, with
no aggregate (Treatments 1 and 2, respectively); a 0.8-mm-thick needle-punched, non-woven geotextile wrapped
around 2-10 mm (D1p-Dag) stone aggregate (Treatment 3); a 2-mm-thick knitted filter sock wrapped around a
drainpipe surrounded by 24o-10-mm-diameter stone aggregate (0.15 m above pipe, 0.13 m below pipe)
(Treatment 4); and a 2-to-10-mm stone aggregate alone (0.15 m above pipe, 0.13 m below pipe) (Treatment 5).
The hydraulic and filter performance of Treatments 1 to 4 were compared with Treatment 5. Treatments 3 and 4
were assessed to determine if they improved hydraulic conductivity and filter performance over Treatment 5.
Using cumulative discharge and cumulative flow weighted sediment loss (total suspended solids: TSS) as in-
dicators of performance, geotextiles performed poorly from discharge and TSS perspectives. The discharge for
Treatment 1 and Treatment 2 was below the discharge observed from the stone aggregate, and cumulative TSS
losses were 636% and 709% higher (Treatment 1 and 2, respectively). The discharge from Treatments 3 and 4
was 67% and 134% higher than the stone aggregate, but this produced an increase in comulative sediment losses.
Treatment 5 performed effectively, with a discharge that was higher than that observed in the geotextile
treatments (Treatments 1 and 2) but lower than that observed in Treatments 3 and 4. The use of these treatments,
either alone or in combination with stone aggregate, is not recommended in the clay-textured soil tested, from
both performance and cost perspectives. Therefore, this study recommends that stone aggregates in the optimal
size range should be used as drain envelope material in similar textured soils in Ireland.

1. Introduction (henceforth Ireland). The study found that the majority of stone aggre-

gate sizes did not meet the current guidelines (which recommend an

The hydraulic conductivity and filtration capacity of a land drainage
system depend on many factors, such as matching an appropriate type
and sized envelope material with soil texture. Envelope material nor
mally comprises either stone aggregates or synthetic materials. Byrne
et al. (2022a) conducted a survey on the availability and swtability of
the currently available stone aggregates in the Republic of Ireland
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aggregate size in the 1040 mm range; Teagasc., 2022). When estab-
lished filter design criteria were applied to the available aggregate sizes,
many of the aggregate grades in use were too large for clay-textured
(“heavy™) soils and were therefore unsuitable for use. A subsequent
study (Byrne et al., 2022b) found that only aggregates in the 0.7-to-19-
mm-size range performed adequately in a clay-textured soil from both
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filtration and hydraulic perspectives. When the cost of the aggregate
material was also considered, aggregates in the lower size range (0.7-10
mm) were 18 to 50% more expensive than aggregates in the higher size
range (10-19 mm).

Synthetic envelopes are commonly used worldwide and have
replaced aggregates in many instances due to their relatively low cost
compared to aggregate materials, which, even if competitively priced,
have higher transportation and associated fuel costs during installation
(Stuyt et al., 2005). They are commonly used in unceonsolidated soils to
prevent the movement of sediment into the drainpipe (Fl-Sadany Salem
et al., 1995), Conversely, field drains in consolidated soils with a clay
content >25% do not require a filtering envelope (Vlotman et al., 2020).
Synthetic envelopes are classified mto two main categories: Prewrapped
Loose Materials (PLMs) and Geotextiles (Stuyt and Dierickx, 2006).
PLMs contain permeable structures consisting of loose, randomly

orientated yarns, fibres, filaments, grains, granules, or beads, sur-
rounding a corrugated drainpipe and retained in place by appropriate
netting and/or twines. PLMs are usually installed in non-cohesive soils
where soils have <25 to 30% clay and <40% silt. In the Netherlands,
thicker PLMs are preferred in both cohesive and non-cohesive soils
(Stuyt et al,, 2005; Vlotman et al, 2020), Geotextiles are planar,
permeable, synthetic textile materials that may be woven, non-woven,
or knitted, and are prewrapped around a drainpipe (Stuyt et al.,
2005). Geotextiles have been installed in large-scale land drainage sys-
tems in countries such as Canada, France, the United Kingdom, and the
United States of America (Stuyt et al., 2005), Ghane (2022) showed the
benefits of using a kmtted geotextile sock for increasing the effective
radius (the effective radius of the drain is the radius of an imaginary
drain pipe with a completely open wall (Skaggs, 1578)), which in the
field theoretically increases drain spacing. Subsequent work has verified
this in sand-tank experiments (Ghane et al., 2022).

Located within the temperate climate zone for agricultural dramage
conditions, the main principles of land drainage design in Ireland are to
exploit soil layers with relatively high permeability by installing a
groundwater drainage system or, where such a layer is not present, to
mmplement a suitable shallow dramage system (Tuohy et al., 2016;
Teagasc., 2022), In many countries, such as Ireland, the adoption of
synthetic envelopes such as geotextiles in drainage systems is slow due
to a combination of limited availability of drainage-specific geotextiles
(which are mainly used in construction and civil works), unknown
suitability in clay-textured soils, and historical (and continued) usage of
aggregate as a drainage envelope (which can be used in both shallow
and groundwater drainage systems)., Although no data exist to show
their suitability under Ireland-specific conditions (i.e., hydraulic con-
ductivity, filter performance versus cost), and in clay-textured soils,
these materials are still being installed on farms. Double envelopes
(envelopes comprising both a geotextile envelope and an aggregate
envelope, in any configuration) are being used by farmers to improve
drain envelope efficiency. The use of double-envelope systems in agri-
cultural drainage has been influenced by their use in highway and
construction drainage systems (TNZ, 2003; TII, 2015; Typargeosyn-
thetics, 2012).

The objectives of this laboratory study were to compare (1) the hy-
draulic conductivity and filter performance of two synthetic envelopes
(non-woven geotextile and filter sock); two synthetic envelopes used in
combination with a stone aggregate; and an optimally functioning stone
aggregate; and (2) the cost of synthetic envelopes and aggregate, to
develop a performance-based cost index of drainage envelopes. These
results will enable a direct comparison between the suitability (perfor-
mance and cost) of geotextile envelopes and stone aggregates in a clay-
textured soil and will assess if geotextile envelopes help enhance the
funetion of an aggregate envelope.
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2. Materials and methods
2.1. Soil, synthetic envelope and stone aggregate

A clay-textured soil was collected from the Teagasc Solohead
Research Farm (latitude 52° 51’ N; 08° 21’ W; altitude 95 m a.s.1.). It was
dried for 24 h at 110 °C and sieved to pass a 2 mm sieve grade. The
textural class was determined using ASTM (2021): 7%, silt 37%, clay
56% (clay texture). The synthetic envelope materials were a: (1) 0.8-
mm-thick needle-punched, non-woven geotextile (Thrace Synthetics
SBNW, [Offaly, reland]) with a characteristic opening size (Ogp) of 100
um (£ 30) (Ogg/dogg-0.5; Ogg of the geotextile fabric indicates that 90%
of the pores within the geotextile are smaller than the Oy value, and dgg
is the soil particle diameter for which 90% of the soil particles are
smaller (Elzoghby et al, 2021)). The average water flow velocity
(permeability) of the nen-woven geotextile is 130 (£39) mm sec !
(manufacturer specification; EN IS0 11058, 2019) (Fig. S1); and (2) a 2-
mm-thick knitted polyester filter sock (Wetzel Technische Metze,
[Lowenberger Land, Germany]) with an Ogg of 150-200 jim {Ogg/dgy-3
to 4) and an average water flow velocity (permeability) of 400 mm sec™"
(manufacturer specification; FN IS0 11058, 2019) (Fig. $2). The geo-
textile properties are based on information received from the manu-
facturers. There is a limited selection of synthetic envelopes available
within Ireland, and the selection of treatments was dictated by the
availability of these geotextile envelopes. The stone aggregate was
chipped limestone with a gradation of 2-10 mm (D5-D7s) (Fig. $3), and
its selection was based on the results of a previous study (Byrne et al.,
2022b). The drainpipe used was a 70 mm inside diameter, single wall
corrugated pipe (80 mm outside diameter) (Floplast Ltd., Ireland). The
perforations are in a 2 x 2 offset pattern and are 2 mm > 15 mm in size.

2.2, Experimental design

Experimental units comprised a 0.93-m-deep x 0.57-m-diameter
reinforced plastic container (Fig. 1). In total, five study configurations
(referred to in this paper as ‘treatments’) were used. These were: a non-
woven geotextile or a filter sock wrapped around the drainpipe with no
aggregate (Treatments 1 and 2, respectively); a non-woven geotextile
wrapped around stone aggregate (hereafter: non-woven geotextile +
aggregate; Treatment 3); a filter sock wrapped around a drainpipe sur-
rounded by stone aggregate (hereafter: filter snck + aggregate; Treat-
ment 4); and a stone aggregate alone (Treatment 5).

In Treatments 1 and 2 (Fig. 1a), a 0.1-m-deep layer of sand, com-
pacted using a tamping device (0.3-m-diameter round base with a 5-kg
weight, dropped from a height of 0.6 m). The purpose of the sand layer
was to reduce the saturation time due to an increased soil overburden in
Treatments 1 and 2, in comparison to Treatments 3, 4 and 5. The sand
layer was overlain by a 0.05m-deep layer of clay-textured soil (dry
milled soil <2 mm). A non-woven geotextile (Treatment 1) or filter sock
(Treatment 2) was prewrapped directly around the drainpipe. A 0,08-m-
deep layer of soil, compacted into two equal layers, was added around
the drainpipe. Finally, a 0.3-m-deep layer of soil, compacted in six equal
layers to a wet density of 964.6 kg m™, was added. The edges of each
layer of soil were pressed against the walls of the container by hand to
ensure no by-pass flow occurred during the experiment,

Treatments 3,4 and 5 (Fig. 1b, ¢ and d, respectively) contained clay
textured soil filled to a depth of 0.02 m, overlain by 0.21 m of aggregate
(2-10 mm; D15-D75). The top of the drainpipe was nstalled 0.23 m from
the bottom, followed by 0.15 m of aggregate over the drainpipe, and,
finally, a 0.15-m-deep layer of soil. In these study configurations, a non-
woven geotextile fully surrounded the aggregate (Treatment 3), a filter
sock was prewrapped around the drainpipe (Treatment 4), or only
aggregate was used (Treatment 5).

Each treatment was conducted over a 31-day period. All units were
overlain by 0.4 m of potable water. In order to prevent damage to the top
layer of soil during the imtial flow of water into the tank, an aluminium
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Fig. 1. Laboratory unit design for the synthetic envelope, aggregate (2-10 mm), and clay-textured soil combination with depth profiles indicating: (a) the non-woven
geotextile or filter sock (Treatments 1 and 2, respectively); (b) the non-woven geotextile wrapped around the aggregate envelope (Treatment 3); (c) a filter sock
prewrapped around the drainpipe (Treatment 4); and (d) a 2-to-10-mm aggregate installed around the drainpipe (Treatment 5).

tray (0.2 x 0.2 x 0.05 m) was used to disperse the water. This tray was
subsequently removed once a constant head was achieved. All experi-
mental units were strengthened by nylon straps, and paraffin wax was
applied at the edges of the top soil layer to prevent by-pass flow.

The following measurements were made: discharge of water through
the drainpipe outlet (an indicator of the hydraulic conductivity func-
tionality of the envelope), expressed as L. m™' of drainpipe (0.08-m-
diameter), and cumulative flow-weighted sediment loss (henceforth
total suspended solids: TSS) (to determine the filter functionality of the
envelope), measured in accordance with BS872 (BSI, 2005). In order to
estimate total sediment loss (g L. m™" of drainpipe) daily and cumula-
tively, TSS concentrations were multiplied by the discharge rate.

The hydraulic conductivity (discharge) performance criterion was
assessed by direct comparison with the performance of 15.5-to-19-mm-
diameter stone aggregate, identified by Byrne et al. (2022b) to have the
lowest cumulative discharge in a study comparing the discharges of
aggregates ranging in size from 0.7 to 62 mm. That study had an iden-
tical configuration to Treatment 5 (aggregate only) in the current study
and also contained the same clay-textured soil. In order to compare the
discharge of both the current study and that of Byrne et al. (2022b), the
cumulative discharges from the five configurations of the current study
by day 31 were compared to Byrne et al, (2022b) - 16,745 Lm ™",

Similarly, the filter performance was compared to aggregates with a
size ranging from 0.7 to 3 mm, which were found by Byre et al. (2022h)
to have the worst filtration performance of aggregates ranging in size
from 0.7 to 62 mm. A similar comparison of both studies was conducted,
with a maximum cumulative TSS of 61 gm ™" by day 31 being identified.

2.3. Envelope material ranking

To determine the cost effectiveness of these treatments, the cost was
expressed as € m~" of drainpipe. The cost of all aggregate ranges
available in Ireland (Byme et al, 2022b) was modified from € T
(tonne) to an estimated € m ! (assuming a 0.3 % 0.35m trench (W x H)
and an estimated aggregate density of 1500 kg m™ (0.16 T m™* of
gravel)) to compare cost effectiveness across all aggregates and syn-
thetic treatments. Under the ‘discharge and sedimentation performance’
category, treatments were either suitable or unsuitable based on them
passing or failing the discharge and/or sedimentation criteria. Assessing
treatments in ‘overall cost and performance’ category, treatments with
suitable performance characteristics were optimal or sub-optimal for use
based on cost, once they had passed on their performance suitability.
The cost data obtained was amalgamated from Byrne et al. (2019) and
Byrmne et al. (2022b).

2.4. Statistical analysis

Statistical analysis was carried out using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). A univariate analysis of the data was conducted to
determine normality. The data were shown to be non-normally distrib-
uted. The effects of envelope function on discharge and sediment loss
across 5 treatments were measured using the PROC MIXED procedure
with repeated measures where time was a factor (T = 10, 20, and 31).
Statistical significance was assumed at a value of P < 0.05.
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3. Results
3.1, Hydrauic performance

Fig. 2 shows the cumulative discharge of five treatinents over the
total study duration of 31 days (the daily discharge is shown in Fig. S4),
Cumulative discharge rates ranged from 5918 L m ™" to 47,282 L. m™,
All treatments, with the exception of Treatment 2, exceeded the
discharge criterion of 16,745 L. m™". Cumulative discharge was highest
in filter sock + aggregate (Treatment 4) and non-woven geotextile +
aggregate (Treatment 3), with 47,282 and 33,783 L m™ 2, respectively,
Treatment 5 and Treatment 1 had similar cumulative discharge levels
(20,229 and 19,131 L m™ !, respectively). The lowest cumulative
discharge was observed with the filter sock treatment (Treatment 2;
5918 Lm™ 1), failing to meet the discharge criterion.

3.2, Sediment loss

Only two treatments (Treatment 3 and 5) met the cumulative TSS
criterion for effective filtration performance (<61 g m_l). Cumulative
TSS losses (daily flow weighted sediment loss is shown in Fig. S5)
ebserved across the treatments ranged from 11 g m™! (Treatment 5;
2-10 mm aggregate) to 89 g m ™' (Treatment 2; filter sock) (Fig. 3). The
aggregate (Treatment 5) had the lowest cumulative TSS losses of the five
treatments (11 g m™ ). The highest cumulative TSS losses were observed
using the non-woven geotextile and filter sock (Treatments 1 and 2) (81
and 89 g m™ !, respectively). The majerity of the sediment lost for each
treatment occurred within 7 days of the start of the experiment; losses
during this period, expressed as a percentage of the total sediment loss
over the experiment duration, ranged from 58% (filter sock + aggregate)
to 77% (filter sock). After this period, sediment loss was greatly reduced
and equilibrium was established.

3.3. Data aggregetion and cost anclysis for selection

Table 1, combining both the performance and cost of materials, in-
dicates that Treatment 5 (2-10 mm aggregate) is sub-optimal for use
based on both cost and performance, with the lowest cost where it
exceeded both the hydraulic and filter design criteria. The non-woven
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geotextile + aggregate (Treatment 3) was 42% more costly than
aggregate alone, and had a 67% increase in discharge and a 155% in-
crease in sediment loss in comparison with the aggregate. Moreover, it
performed effectively with regard to the hydraulic conductivity
(discharge) and filter (sedimentation) criteria. The filter sock + aggre-
gate (Treatment 4) performed effectively with regard to the hydraulic
conductivity (discharge) criterion, but they produced cumulative TSS
above the limit of acceptable sediment losses. The other treatments
(Treatment 1 and 2) failed on the filter (sedimentation) criteria, while
Treatment 2 was below the limit for hydraulic conductivity (discharge)
and Treatment 1 was above the acceptable limit,

4, Discussion
4.1. Discharge, sedimentation and cost of geotextiles

Based on discharge and TSS losses, both non-woven geotextiles and
filter socks should not be used where geotextiles are surrounding the
drainpipe in clay-textured soils, as these treatments did not meet both
the required minimum discharge rate and sedimentation criteria (Sec-
tion 2.2,), Ne difference in the day of peak flow (indicating hydraulic
saturation) (Fig. S4) was observed between treatments based on
differing soil overburden thickness in Fig. 1. El-Sadany Salem et al.
(1995) concluded that thin envelopes were at a higher risk of clogging
than volumineus envelopes, while Choudhry et al. (1995) likewise
concluded that although a selection of needle-punched, non-woven
geotextile envelopes had met the particle-retention criterion in their
experiments, the envelopes could not meet the standard of desired
blocking, clogging, and hydraulic performance. They concluded that
further testing was necessary. Non-woven geotextiles and filter socks
had the lowest cost for an envelope on a € m™! basis, but with poor
hydraulic conductivity and filter performance, these geotextiles are not
suitable for use in clay-textured soils. The range of aggregates (0.7-19
mm) identified by Byrne et al. (2022b) is preferred with a clay-textured
soil. These aggregates had lower rates of cumulative TSS and greater
cumulative discharge rates than the geotextile treatments investigated
in the current study.

50000 —Treatment 1
(Non-woven
45000 geotextile)
40000
—Treatment 2
(Filter sock)
@ 35000
2y
=
2 £ 30000
27 Treatment 3
<
23 - (Non-woven
£33 000 geotextile +
E E aggregate)
= = 20000
< Treatment 4
15000 (Filter sock +
aggregate)
10000
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5000 = e (2-10 mm
- — aggregate)
[ . e

12345678 91011121314151617 18 1920 21 22 23 24 25 26 27 28 29 30 31
Operation days

Fig. 2. Cumulative average discharge rate, with the minimum required discharge allowed under the hydraulic conductivity (discharge) criterion highlighted in red

(emor bars indicate the standard deviation).
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Fig. 3. Cumulative discharge weighted sediment loss, with the maximum sediment loss allowed under the filter (sedimentation) criterion highlighted in red (error

bars indicate the standard deviation).

Table 1

Synthetic and aggregate envelope suitability for use with clay-textured soils from a discharge, sedimentation, and cost perspective.

Treatments (Aggregate, Treatment Discharge  Sedimentation  Cost £ m™" (ex VAT ex Discharge and sedimentation Overall cost and

Dy5-Dys (mm) number delivery)' performance performance”

Synthetics

Non-woven geotextile 1 'd X 0.83 Not suitable Substandard

Filter sock 2 X X 1.23 Not suitable Substandard

Non-wovs textil N .
OITWOVER gEo et 3 s v 2,83 Suitable Sub-optimal
aggregate

Filter sock + aggregate 4 v X 3.23 Not suitable Substandard

Aggregate

A%‘_’?‘;‘[’:ﬂ%’“m‘m Range 5 v v 2.00 Suitable Sub-optimal

! Cost of aggregates € m~* assumes .16 T m™! of aggregate used.

? Treatments with suitable performance characteristics were optimal or sub-optimal for use. If treatments were classified as ‘not suitable’ in the discharge and
sedimentation performance category, they are considered substandard for the overall assessment. The aggregate optimum range (2-10mm) is classified as sub-optimal
due to its increased cost over other suitable aggregates in the 0.7-to-19-mm range (Bymne ot al., 2022b).

4.2. Discharge, sedimentation and cost of the non-woven geotextile and
aggregate combination

The non-woven geotextile + aggregate combination met the criteria
for discharge and sedimentation rate, but this combination is not rec-
ommended as it still exhibits the same potential risks of clogging as
highlighted in Section 4.1. Although this treatment methed is commeonly
applied in road drainage systems where a geosynthetic material (typi-
cally non-woven geotextile) is placed over the top of the aggregate at the
edge of road drainage systems (TNZ, 2003; TII, 2015), the higher
discharge rates observed for this treatment may lead to a filter cake
formation over time at the interface between the soil and the envelope
(Stuyt and Dierickx, 2006) due to higher hydraulic conductivity rates.
This 1s backed up by the higher sediment transmission observed for this
treatment in comparison to the aggregate treatment. Additionally,
Elzoghby et al. (2021) found that although the non-woven geotextiles
(Typar SF27 and Typar SF20) used indicated effective filtration of soil
particles, five times more fine soil particles than the original soil were
found at the geotextile-soil interface. This highlights the importance of
considering the Oog of both the geotextile material and soil size

distribution (Stuyt and Diericksx, 2006). In the current study, a 42%
increase in cost per metre (for the non-woven geotextile + aggregate)
yielded only a 67% increase n cumulative discharge at day 31. The
potential filter cake development at the soil-envelope interface after
installation and the small increase in discharge do not currently justify
the use of this combined treatment.

4.3, Discharge, sedimentation and cost of the filter sock and aggregate
combination

The filter sock + aggregate combination is considered unsuitable for
use based on failing the sedimentation criterion. The highest discharge
rates were observed for this treatment, which has been shown to in-
crease discharge rates (similarly to the geotextile + aggregate treat-
ment). Swihart (2000) found that the use of a geotextile sock around the
drainpipe combined with a sand envelope produced a discharge 3 to 12
times higher than tests conducted without the geotextile sock (analo-
gous to the filter sock + aggregate combination used in the current
study). The high discharge rates observed in this experiment and the
larger Ogg size (150-200 pm) of the filter sock help to limit the blocking
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of the filter while aiding increased hydraulic conductivity. These higher
discharge rates cause greater sediment transmission, which may
potentially block the drainpipe quicker than at lower discharge rates.
The 62% increase in cost per metre (for the filter sock and aggregate
treatment compared to the aggregate treatment) yielded a potential
134% increase in cumulative discharge at day 31, but the factors dis-
cussed above may potentially mitigate these increases over time due to
increased sediment transmission and blocking of the aggregate envelope
and drainpipe. Until further research is carried out on this potential
combination, the filter sack should not be recommended in combination
with an aggregate,

4.4. Discharge, sedimentation, and cost of the qggregate and its suitability
based on installation methods and availability

The 2-to-10-mm-diameter stone aggregate performed more effec-
tively for hydraulic and filter performance than the geotextiles alone.
Cumulative TSS levels in the geotextile + aggregate treatment were
143% higher than in the aggregate only treatment, while only a 67%
mcrease in discharge was observed for the geotextile + aggregate
treatment over the aggregate alone.

Additionally, it was more cost-effective (in comparison to the geo-
textile + aggregate treatments), but is still considered sub-optimal based
on its increased cost compared to other suitable aggregates in the 10 to
19 mm range that were more suitable based on both cost and perfor-
mance aspects (Byme et al., 2022b). The suitability of both aggregates
and geotextiles n clay-textured soils has a number of advantages and
disadvantages. Although relatively expensive compared to synthetic
envelopes, stone aggregate is abundant in Ireland (Byrne ef al., 2022a),
and the production of aggregate sizes within the current national
guidelines (10 to 40 mm, with increased filtration performance evident
from 10 to 20 mm aggregates) (Teagasc., 2022) will improve drain en-
velope performance. This study will help inform the selection of geo-
textiles used in clay-textured soils and additionally provide information
on possible future synthetic materials that become available on the Irish
market for installation in subsurface drainage systems, but each syn-
thetic envelope will still have to be tested due to the varying physical
properties (Palmeira and Gardoni, 2002).

Geotextiles or any synthetic envelopes tend to be unsuitable where
fine textured heavy soils dominate and shallow drainage techniques (e.
g. sub-soiling, mole drains, and gravel mole drains) are employed
(Teagasc., 2022), Such shallow drainage systems are commonly applied
in Ireland where no permeable soil layer is present in the soil profile
(Teagasc., 2022). Tuohy et al. (2018) highlighted climate trends and
predictions of future higher rainfall intensities, This may lead to
increased installation of shallow drainage systems on heavy clay soils
where drainage works weren’t previously justified due to increased
rainfall intensity, waterlogging, reduced yields, and low soil bearing
capacity. This will require the continued use of shallow drainage sys-
tems and necessitate the use of stone aggregate in most situations.

5. Conclusions

The results showed that locally available non-woven and knitted
sock geotextiles alone did not function as well as 2-to-10-mm-diameter
stone aggregate and were unsuitable for the tested clay-textured soils in
Ireland. The selection of swtable geotextiles was limited by local
availability. Both double envelope synthetic envelope treatments per-
formed effectively from a performance perspective, but are currently
uneconomical. Further drain envelope efficiency would be achieved
from greater adoption of aggregates in the 0.7 to 19 mm range by
farmers and contractors, and greater production of this aggregate range
in quarries around the country. Future research on thicker synthetic
envelopes (with similar performance functionality to aggregates) to aid
in reducing the cost of drainage works may be required, but the current
avallability of these envelope types locally 1s unknown.
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On poorly drained grassland farms in Ireland, stone aggregates remain the only in-field drain envelope material
used by contractors. A variety of aggregate sizes and lithologies are currently in use, but their performance in
clay-textured mineral soils is unknown. In practice, this may result in ad-hoc system performance and a varied
lifespan due to sediment ingress. The aim of this study was to evaluate the hydraulic and filter performance of a
range of aggregate gradations in clay-textured mineral soils. Nine aggregates (three replicates of each) were
examined in laboratory units containing clay-textured soil, with a perforated drainpipe surrounded by an
aggregate envelope ranging in size from 0.7 to 62 mm and a constant 0.4 m head of water above the soil surface.
To determine the hydraulic performance of the envelope, the discharge rate of water through the drainage pipe
outlet was measured over 38 days. To determine the filter performance, sediment loss, sediment settlement in the
drainpipe, and ingress of sediment into the envelope were measured. The results indicated that only aggregates
in the 0.7-19 mm size range performed adequately from both the hydraulic and filter perspectives and were
deemed suitable for use with a clay-textured soil. Discharge appeared to be inversely related to aggregate size,
with larger discharges being measured in the smaller aggregate sizes and smaller discharges measured in the
larger aggregate sizes (exception: Aggregate 2). For all aggregates examined, discharge was greatest at the start
of the experiment before reducing over time. When the cost of the aggregate material is also considered, ag-
gregates in the lower size range are 18-50% more expensive than aggregates in the higher size range. Aggregates
with particle sizes ranging from 0.7-19 mm are recommended for in situ field testing in clay-textured soils.

1. Introduction

conductivity than the surrounding soil reduces the entrance resistance
(resistance of approach flow) into the pipe so that no hydraulic pressure

Agricultural land drainage plays a key role in supporting food pro-
duction on poorly drained soils (Tuohy et al,, 2018; Castellano et al.,
2019). A typical contemporary land drainage system comprises a
network of subsurface drains, each consisting of perforated pipes
wrapped in an envelope material (Stuyt et al., 2005; Teagasc, 2022). The
key to efficient and consistent hydraulic and filter performance is an
appropriate type and size of envelope material to surround the drainage
pipe (Yannopoulos et al., 2020). The drain envelope must offer profi-
ciency in a number of functions, such as protecting the drainpipe from
excessive sedimentation and reducing water entry resistance around the
pipe and surrounding soil. An envelope with a higher hydraulic

will build up in the surrounding soil (Stuyt et al., 2005; Vlotman et al.,
2020). In theory, the entrance resistance of a drainage system is a ma-
terial constant, but in practice it may be seriously reduced due to particle
deposits at the soil-envelope interface or in the envelope. The entrance
resistance of a drainage system depends on soil texture and evolves with
time (Dierickx, 1993).

Aggregates such as river-run gravel or crushed stone are commonly
used in temperate climates with moderate to heavy (lower hydraulic
conductivity) soil textures to keep the water table below a depth of 0.45
m in order to maximise grass growth and trafficability (Teagase, 2022).
They improve the hydraulic conductivity around the drainage pipe,
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reduce the entrance resistance, protect and support the pipe, and pre-
vent the ingress of sediment (Vlotman et al., 2020). The antecedence of
their use is due to a combination of factors, such as the scale and system
of farming undertaken, the type of drainage system, the abundance of
mineral aggregate, and the historical use of aggregate for drainage
(Byrne et al., 2022). Typical aggregate sizes used in different regions
range from 0.2 to 4.0 mm in Finland (Luoko, 2020), 5-50 mm in the
United Kingdom (AHDB, 2018), and 10-40 mm is recommended in
Ireland (Teagasc, 2022).

Byrne et al. (2022) conducted a review of the availability of aggre-
gate throughout Ireland. Eighty-six quarries across Ireland were sur-
veyed, which classified the distribution, type, popularity, size, and
availability of aggregates for land drainage systems. The average size of
the aggregate available was 41 mm. The most commonly used sizes
ranged from 2 to 62 mm, representing the vast majority of aggregate
sizes available throughout Ireland. This study found that the most
commonly used aggregate size is unsuitable for the majority of moderate
to “heavy” (lower hydraulic conductivity) soil types encountered. Using
74 aggregates characterised in the study, three filter design criteria (SCS,
1988; Sherard et al., 1984; Terzaghi and Peck, 1961) were applied to
five soil types (clay, clay loam, loam, silty clay loam, and silt loam). Only
31% met the SCS (1988) criterion and 11% met the Terzaghi and Peck
(1961) criterion for a loam soil texture (the Sherard et al., 1984 design
criterion was not applicable for this soil texture). The study concluded
that there was a need for guidelines for aggregates based on both the
hydraulic and filter performance of the drainage envelope in moderate
to lower hydraulic conductivity soil types. Currently, the recommended
10-40 mm aggregate sizes are based on field observations (Teagasc,
2022), but no data exist on their applicability and suitability in
clay-textured soils. These recommendations are primarily based on
filration recommendations, and although clay-textured soils have a
higher structural strength after settlement, they may be needed to pro-
vide temporary filtering functions. It has been suggested that soil with a
clay content of > 30% does not need an envelope around a drainpipe
(Stuyt et al,, 2005; Vlotman et al, 2020). However, the use of an
aggregate envelope increases drain spacing by increasing the effective
radius of the drainpipe and provides other additional benefits, such as a
conduit of flow in shallow drainage systems where mole ploughs and
sub-soilers have a direct connection to the drainpipe through the
aggregate envelope. Therefore, there is a need to identify if hydraulic
conductivity and effective radius can be maximised based on choosing a
more suitable aggregate size, along with providing initial filtering
capabilities.

Laboratory evaluation of an envelope system is useful as a simple and
easily reproducible method for evaluating various envelope materials
and scenarios at a low cost (Dierickx, 1989). It is also useful to test the
functional properties of drain envelopes, such as their ability to retain
soil particles and prevent invasion of soil particles into the envelope; the
blocking or immediate reduction of hydraulic conductivity of an enve-
lope in contact with soil; and the decrease in hydraulic conductivity of
an envelope over time due to particle accumulation or if the envelope
material is too fine (El-Sadany Salem et al,, 1995).

In the current study, the range of aggregate gradations from 0.7 to
62 mm in size (representing the most commonly available aggregate
sizes throughout Ireland (2-62 mm), and a 0.7-3 mm aggregate (satis-
fying the SCS, 1988 criterion) were tested in laboratory units to identify
a subset of optimal aggregate ranges for use in clay-textured soils, which
should subsequently be tested in situ in the field. The overall objective of
this study was to evaluate the hydraulic and filter performance of a
range of aggregate gradations in clay-textured mineral soils. To achieve
this objective, the experiments aimed to: (1) assess the hydraulic and (2)
filter performance of commonly used gravel aggregates as envelope
materials for use in clay-textured soils; and (3) rank the aggregates based
on their hydraulic and filter performance and cost for use in
clay-textured soils.

Agricultural Water Management 278 (2023) 108164

Table 1
Aggregate envelope data indicating the aggregate type and their size
distribution.

Aggregate number Aggregate type Dy5 - Dys (mm)®
1 River-run gravel 0.7-3

2 Limestone 2-10

3 Limestone 10-14

4 River-run gravel 11-17.5

5i River-run gravel 15.5-19

6 River-run gravel 22-30

7 River-run gravel 22-75

8 Limestone 34-47

9 Limestone 42-62

® Dys - Dy 5 indicates estimated 75% and 15% passing size.

,,,,,,,,,,,,, Water level
0.4m
0.53my_
0.93m 0.15m Clay textured soil
0.15m Aggregate
023miy  Reripioiiiipiiniiiiiiiin
0.08 m Drainpipe
0.13m Aggregate
U2 T b s i s et Clay textured soil

Fig. 1. Laboratory unit setup showing flow through the system and
depth profile.

2. Materials and methods
2.1. Soil and stone aggregate selection

A clay-textured soil was collected from the Teagasc Solohead
Research Farm (latitude 52° 51’ N; 08° 21° W; altitude 95 m a.s.l.) and
dried in 2 kg batches for 24 hr at 110 °C then milled to pass a 2 mm sieve
grade. The textural class was determined according to ASTM (2021): 7%
sand, silt 37%, clay 56% (clay texture). Eight commonly used envelope
material aggregates in Ireland were selected (Table 1). An additional
aggregate was used in the experiments (Aggregate 1 in Table 1), which
satisfied the aggregate selection criteria for a clay-textured soil as
defined by the Soil Conservation Service (SCS, 1988). This allowed for
comparison with an idealised aggregate.

2.2, Experimental set-up and performance criteria

In total, 27 units (Fig. 1), each 0.57 m in diameter and 0.93 m deep,
were constructed and replicated at n = 3 for each aggregate size
examined. Each unit consisted of three components: clay-textured soil,
an aggregate treatment, and a drainpipe (a standard 80 mm corrugated
pipe with perforations 2mm x 15 mm in size) discharging to a collection
tank. A 0.08 m diameter drainpipe was located 0.15 m from the bottom
of the tank. In order to obtain reproducibility and determine aggregate
suitability based on the soil textural component, dry milled soil (<2 mm)
was filled to a depth of 0.02 m at the bottom of the tank, which was
overlain by 0.21 m of the chosen aggregate (to the top of the drainpipe),
and compacted using a tamping device (0.3 m diameter round base with
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——Aggregate 1 - 0.7-3mm
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Fig. 2. Cumulative average discharge rate (error bars indicate the standard deviation). Discharge data for Aggregates 6, 7, 8 and 9 were not obtained, as they had

met criteria for failure within the first 24 hrs of operation.

a 5 kg weight dropped from a height of 0.6 m) in order to ensure no
settlement around the drainpipe occurred during the experiment. An
additional 0.15 m of aggregate was added over the drainpipe, and
tamping was repeated. Finally, the aggregate was overlain by a 0.15-m-
deep layer of soil, compacted (in incremental layers) to a wet density of
964.6 kg m~>. The edges of each layer of soil were pressed against the
walls of the container by hand to ensure no by-pass flow occurred during
the experiment. Nylon straps were added to the tank to prevent bulging
at the soil layer, and paraffin wax was applied at the edges of the top
layer to prevent by-pass flow.

Each unit was filled with potable water to a height of 0.4 mabove the
soil surface, which remained constant over the duration of the experi-
ment (using an overflow pipe). In order to prevent damage to the top
layer of soil during the initial flow of water into the tank, an aluminium
tray (0.2 x 0.2 x 0.05 m) was used to disperse the water. This tray was
subsequently removed once a constant head was achieved.

The units were routinely monitored for discharge rate and sediment

4000

2000

Daily discharge
L or! of drainpipe

1500

1000

loss over a total experimental duration of 38 days. In order to normalise
data, units are expressed as L m~! of pipe cumulatively (0.08 m dia.).
Sediment loss was measured in accordance with standard methods (BS,
2005). The sediment loss concentrations were multiplied by the
discharge rate to estimate the total sediment loss (g m™! of drainpipe)
daily and cumulatively. At the end of the experiment, all the sediment
that had settled in the drainpipe was collected and weighed, and the
experimental units were destructively sampled. The top soil layer and a
0.05m layer of aggregate were discarded. Samples of the remaining
envelope material from directly above the pipe were then taken. All of
the fine material (<2 mm) was washed from the gravel and subsequently
dried and weighed, with the results expressed in g of soil.

In this study, “failure” of the envelope was defined, after Stuyt et al.
(2005), as when the soil structure was observed to collapse or when
there was excessive movement of soil through the envelope material
within the first 24 hr of operation. The hydraulic performance was
assessed on the ability of the drain setup to discharge at least

——Aggregate 1 - 0.7 -3mm
——Aggregate 2 -2 - 10 mm
Aggregate 3 -10 - 14 mm
——Aggregate 4 - 11 - 17.5 mm
——Aggregate 5 - 15.5 - 19 mm

Operation days

T T T LA e B s e S L B T
45688 91011121314151617181920212223242526272829303132333435363738

Fig. 3. Daily discharge rate (error bars indicate the standard deviation). Discharge data for Aggregates 6, 7, 8 and 9 were not obtained, as they had met criteria for

failure within the first 24 hrs of operation.
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Operation days

Fig. 4. Cumulative discharge weighted sediment loss (error bars indicate the standard deviation). Sediment loss data for Aggregates 6, 7, 8 and 9 were not obtained,

as they had met criteria for failure within the first 24 hrs of operation.

0.54mm hr~! (mean intensity of rainfall across 7 sites during a high
rainfall period; Tuchy et al., 2018), and the filter performance was
assessed by the amount of sediment settled in the drainpipe during the
experiment; this should be < 25% of the total volume of the drainpipe in
order to ensure an excessive reduction in discharge does not occur
(Vlotman et al., 2020).

2.3, Statistical analysis

Statistical analysis was carried out using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). A univariate analysis of the data was conducted to
determine normality. The data were shown to be non-normally distrib-
uted. Following this, the effects of envelope function in relation to daily
drainpipe discharge rate and daily drainpipe sediment loss across 9
aggregate distributions were measured using the PROC MIXED proced-
ure (REML - estimation method; profile — residual variance method;
model-based - fixed effects SE method; and residual - degrees of
freedom method) with repeated measures where time was a factor
(T =10, 19, and 38). Statistical significance was assumed at a value of
P < 0.05.

3. Results

Aggregates 6, 7, 8, and 9 were deemed to have met the criteria for
failure within the first 24 hr of starting the experiment. Aggregates 1-5
achieved the hydraulic and filter performance criteria for the entire 38-
day experimental period. The cumulative discharge from the five ag-
gregates over the experiment duration ranged from 17751 to
27542 L m L of pipe. The cumulative sediment losses ranged from 13 to
62 gm™! of pipe.

3.1. Hydraulic discharge and sediment loss performance

The majority of discharge (67% average) across all treatments
occurred within the initial 14-day period of the experiment (Fig. 2). On
day 38, the five aggregates had an average daily difference of
0.74mm hr~! between the highest and lowest discharges. The lowest
discharge was observed from Aggregate 5 on day 38, where a discharge
rate of 1.3 mmhr~! was observed (Fig. 3). Most of the sediment loss
occurred within the first 8 days of the experiment: Aggregate 1 lost

34 gm™! of pipe (55% of the total loss) within this time period, followed
by Aggregates 4 (67%), 3 (68%), and 5 (82%) (Fig. 4).

3.2. Envelope and pipe sedimentation

Sampling of the envelope after completion of the experiment
(Fig. ba) indicated that Aggregate 1 had the lowest incursion of soil into
the envelope (640 g), while the worst performing aggregate was
Aggregate 3 (5699 g). Three other aggregates had soil incursions
ranging between 3406 g (Aggregate 2) and 4251 g(Aggregate 4). Fig. 5b
shows the amount of sediment deposited in the pipe after the end of the
experiment. Values ranged from 0.54 gm™" of pipe (Aggregate 1) to
1.31 g m™~ ! of pipe (Aggregate 4). The amount of sediment settled within
the pipe was insufficient to reduce the drainpipe volume by 25% across
any of the treatments, so therefore it was judged to pass the sediment
function criterion.

3.3. Data aggregation for aggregate selection

In order to determine the suitability of the aggregates across the
three factors of discharge, sediment loss, and pipe-envelope sedimen-
tation, a ranking system was developed. Table 2 shows the overall
suitability of each aggregate range. Results showed that aggregates
> 19 mm in size, while cost-effective, are not suitable for use as drainage
envelopes due to their early failure. Aggregates in the 0.7-19 mm range
performed favourably from both hydraulic and filter performance per-
spectives and are deemed suitable.

4, Discussion
4.1. Hydraulic and filter performance

Aggregates 6, 7, 8, and 9 were deemed to have met the criteria for
failure, which occurred within the first 24 hr of starting the experiment,
and are considered unsuitable for use. The ability of the envelope to hold
back sediment in the unstructured clay-textured soil (similar to trench
backfill) was compromised above an aggregate size of 20 mm, resulting
in soil incursion into the envelope (Dierickx, 1993). The envelope should
function initially during the settlement period to prevent excessive
incursion of sediment into the aggregate envelope and provide a filter

139



1. Byrme et al. Agricultural Water Management 278 (2023) 108164

7000
5
< 6000
]
@
]
8
_g: 5000
o
oo
~
b
= 4000
9
B
2
2 3000
x|
=
b
s
S 2000
]
<
'é 1000
=
0
Aggregate 1 Aggregate 2 Aggregate 3 Aggregate 4 Aggregate 5
0.7-3mm 2-10mm 10 - 14 mm 11-175mm 15.5-19mm
A
16
14
B
g 12
&
@
g 1
£
)
2 08 I
8
-]
0.6
2
=
@
U
s 04
g
)
0.2
0
Aggregate 1 Aggregate 2 Aggregate 3 Aggregate 4 Aggregate 5
0.7 -3 mm 2-10 mm 10 - 14 mm 11-17.5mm 15.5-19mm

B
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function. Therefore, a balance between the hydraulic and filter perfor- settlement period. Some of this sediment will remain in the aggregate

mance of the envelope is needed initially during settlement. These envelope, reducing permeability, and may be available to be mobilised

findings have the following implications: larger aggregate sizes over time. The most commonly used aggregate sizes in Ireland are

(>20 mm), when used as envelope material, enable backfill topsoil to 50 mm and 20-to-40-mm stone aggregate, respectively (Byrne et al.,

pass through the stone envelope and into the drainpipe during the 2022). The Teagasc Drainage Manual (Teagasc, 2022) recommends an
5
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Table 2

Agricultural Water Management 278 (2023) 108164

Aggregate grade suitability for use with clay textured soils based on discharge and filter performance.

Aggregate Number and PSD (Dy5 % of aggregate material < 2 mm (g Discharge  Filter"  Cost €/t (expitex  Discharge and fil ter Overall cost and
- Dyzs) (mm) kg" of aggregate) VAT) petformance performanceb
Aggregate 1 (0.7 - 3) 72 v v 15.00 Suitable Sub-optimal
Aggregate 2 (2 - 10) 9.6 v v 13.00 Suitable Sub-optimal
Aggregate 3 (10 - 14) 0.1 v v 11.00 Suitable Optimal
Aggregate 4 (11 - 17.5) 1.6 v v 10.00 Suitable Optimal
Aggregate 5 (15.5 - 19) 2.0 v v 10.00 Suitable Optimal
Aggregate 6 (22 - 30) 2.6 X X 10.00 Not suitable N/A
Aggregate 7 (25 - 75) 0.6 X X 8.41 Not suitable N/A
Aggregate 8 (34 - 47) 1.9 X X 8.87 Not suitable N/A
Aggregate 9 (42 - 62) 13.0 X X 8.87 Not suitable N/A

# The heading ‘filter’ has the combined analysis of envelope sedimentation, pipe sedimentation and sediment loss through the drainpipe.
b Aggregates not suitable based on the ‘Discharge and filter performance’ assessment, are not assessed on ‘Overall cost and performance’ and is denoted N/A.

aggregate size in the 10-40 mm range, with optimum performance in
the 10-20 mm range. Based on these findings (pending field trials),
aggregates greater than 20 mm in diameter should not be recommended
in the future. Aggregate sizes greater than 20 mm in diameter are more
cost-effective, which may deter the use of aggregate sizes less than
20 mm in diameter. Byme et al. (2023) have conducted a laboratory
experiment to determine the suitability of geotextile materials as an
alternative or complement to stone aggregate in clay-textured soils, in
an effort to reduce drainage system costs. The remaining discussion will
relate to Aggregate 1-5 only.

Due to the stable nature of clay-textured soils in situ, incursion of
sediment into the envelope is considered low-risk in the long term.
However, the potential for blocking during the initial period of settle-
ment is the major risk associated with the introduction of trench backfill
before equilibrium within the soil is achieved (Vlotman et al., 1993).
Where an envelope prevents excessive incursion of sediment in
clay-textured soils, the envelope should then function to maximise the
hydraulic performance of the entire system. AHDB (2018) and Teagasc
(2022) recommend the use of permeable backfill, even in consolidated
clay-textured soils, to maintain the permeability in the drain trench and
maintain an increased effective radius, even as the permeability of the
trench backfill reduces over time. It is suggested that stable clay soils do
not need an envelope (Stuyt et al,, 2005; Vlotman et al., 2020), but in
Turkey, for example, aggregate envelopes are used to improve the hy-
draulic conditions around the pipe in clay-textured soils (Bahceci et al.,
2018). All five aggregates (Aggregate 1-5) prevented excessive sediment
incursion, so the focus of in situ field research should be to increase the
effective radius in the stable clay soils once settlement has occurred. As
Aggregate 1-5 exceeded the hydraulic performance criterion of
0.54mmhr~l, they are suitable from a hydraulic performance
perspective and are recommended for in situ field trials. Discharge
appeared to be inversely related to aggregate size, with larger discharges
being measured in the smaller aggregate sizes and smaller discharges
measured in the larger aggregate sizes (exception: Aggregate 2).

Unlike the discharge measurements, there was no relationship be-
tween aggregate size and sediment loss. All five aggregates performed
effectively to limit sediment incursion into the envelope and the drain-
pipe, and were deemed suitable based on the filter performance criterion
(25% reduction in drainpipe capacity), but Aggregate 1 (0.7-3 mm) lost
the most amount of sediment through the drainpipe (Fig. 2). This can be
assumed to be fine material lost from the envelope itself (<2 mm) and
may be attributed to the envelope material being lost through the
2 x 15mm drainpipe perforations. This shows the importance of
selecting a granular material based on both the base soil and the
drainpipe perforations (Dierickx, 1993). Aggregate 1 was selected to
meet the SCS (1988) criterion but was not fully suitable for the drainpipe
perforations commonly used. Although it performed effectively as an
envelope, some washing of the envelope material into and through the
drainpipe at this gradation occurred and should be expected when using
2 x 15 mm drainage perforations. With this loss of fine material from

the envelope itself, Aggregate 1 still performed effectively asa filter, and
the sediment lost into the drainpipe was not in large enough quantities
to violate the filter performance criterion (25% reduction).

5. Conclusions

Overall, aggregates ranging in size from 0.7 to 19 mm performed
adequately in terms of hydraulic and filter performance, and were
deemed suitable for subsequent in situ field trials. The results showed
that increasing aggregate size resulted in decreased hydraulic perfor-
mance. The lowest amount of soil in the pipe and in the envelope at the
end of the experimental period was observed in Aggregate 1
(0.7-3 mm), and cumulative discharge rates were aligned with initial
sediment incursion rates at the start of the experimental period. When
the cost of the aggregate material is also considered, aggregates in the
lower range are 18-50% more expensive than aggregates in the higher
range, which would be optimal from a performance and cost point of
view. Contractors and landowners should provisionally source aggre-
gates in these ranges for better performance and lifespan outcomes.
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The Key Messadge

~ Geotextiles, in combination with a clay textured soil. did not function as well as an
optimum aggregate size (2 = 10 mm (D5 = D7g)).

= A geotextile and aggregate (2 — 10 mm) envelope improved hydraulic conductivity
compared to the 2 — 10 mm aggregate alone, but with associated increased
sedimentation. The combination was not practical based on cost.

+ Stone aggregate in the 0.7 to 19 mm range should be used as the main drain
envelope material in clay-textured soils (Byrne et al.. 2022).

Objectives

The objectives of this laboratory study were to compare the:

1. Hydraulic conductivity and filter performance of two synthetic envelopes (non-woven
geotextile and filter sack): two synthetic envelopes used in combination with a stone
aggregate, and an optimally functioning stone aggregate, using an unconsolidated
clay-textured soil.

2.Cost of heti lopes and agg
of drainage envelopes.

to develop performance-based cost index

These results will enable a direct comparison between the suitability (performance and
cost) of i lopes and stone in a clay-textured soil. and assess if

geotextile envelopes help to enhance the function of an aggregate envelope.

Materials & Methods
The five treatments were: The following parameters were
1. Non-woven geotextile. measured:
2. Filter sock. 1.Flow rate of water through the

drainage pipe outlet (an indicator of
the hydraulic functionality of the
envelope).

2.Total suspended solids (TSS) (to
determine the filter functionality of
the envelope).

3. Non-woven geotextile and 2-10 mm stone
aggregate.

4. Filter sock and 2-10 mm stone aggregate.

5.2-10 mm optimum stone aggregate.

The hydraulic ivity per criteria were assessed by
comparison with the perfermance of a 15.5-19 mm gate. Filter were
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Figure 2. Cumulative average discharga rate, with the minimum raquirad discharga ajtowed under the
hydraulic conductivity criterion highlighted in red (error bars indicate the standard deviation).

Cumulative discharge rates ranged from 6318 L m-1 to 47282 L m-1. All treatments,
with the exception of Treatment 2, exceeded the discharge criteria of 16745 L m-1.
Cumulative discharge was highest in filter sock + aggregate {Treatment 4) and non-
woven geotextile + aggregate {Treatment 3) {47282 and 33783 L m-1, respectively).
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Figure 3. Cumulative discharge weighted sediment loss, with the maximum sediment loss aflowed under the

fifter criterion highlighted in red {error bars indicate the standard deviation].

Only two Treatments (Treatment 3 and 5) met the TSS criterion for effective filtration

assessed by comparison with the performance of a 0.7-3 mm aggregate (highest
cumulative TSS, identified by Byme et al. (2022)). The discharge and filter criterion is
indicated with a red line in Figure 2 and 3.
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Figure 1. Laboralory unil design for the synifelic envelope, aggregate (2-10 mmj and clay-texiored soi
combination with depth profiles indicating {a} the non-woven geotextile and filter sock {ireatments 1 and 2,
respectively) (b} the non woven geotextile wragpad around the aggregate envelope (treatment 3) (c) a fitter sosk
prevrapped around the drainpipe (veatment 4), and (d) a 2-10 mm aggregate nstalied around fhe drainpipe
{treaiment 5j. 40 cm head of water maintained at the top of the soil surface (ciay fextured soil) for 31 days (n-3).

{less than 61 g m"'). Most of the sediment loss occurred within the first 8
days of the experiment. Highest sediment ingress into the envelope was observed in
the geotextile treatments.

Conclusion

The results showed that geotextile envelopes (Treatment 1 and 2) did not function as
effectively as the 2 to 10 mm aggregate. The aggregate used in combination with the
geotextile envelopes (Treatment 3 and 4) performed better from a discharge rate
perspective. The higher discharge observed in the ile + aggreg inati
indicate that geotextiles could aid in enhancing the discharge rate from a drain, but with
associated higher sedimentation rates. Further drain envelope efficiency would be
achieved from greater production by quarries, and greater adoption of aggregates from
farmers and contractors (Byme et al., 2022).
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Building drainage systems for the future: How
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1. The Key Message

An aggregate size range from 2 — 10 mm is optimal for a clay textured soil.
Aggregates up to 20 mm are acceptable. The cost of aggregates are more
expensive in the size lower ranges than the higher ranges. The adoption of
aggregates from 0.7 to 20 mm will optimise performance and extend the lifetime of

drainage systems in mineral soils.

2. Introduction
On poorly drained farms in Ireland. stone aggregates are the only drainage
envelope material used by contractors. An aggregate survey conducted across

size (50 mm) in

quarries showed that the most popular drainage
quarries nationally is too large. Such a size is likely to decrease the system
performance and lifetime due to sediment ingress. The objectives of this laboratory
study were to: a) select a gradation of aggregates suitable for use in clay textured
soils, and b) assess the performance of commonly used aggregates based on their

hydraulic and filter function.

3. Methods

A bespoke laboratory setup consisting of replicated units containing clay textured
soil with a series of aggregates size ranges was created (Figure 1). The treatments
were 9 aggregates from 0.7 and 62 mm used in combination with a clay textured
soil, replicated three times. Each unit had a 40 cm head of water, which was
maintained above the top of the soil surface for 38 days. The following parameters
were measured: Discharge rate of water through the drainage pipe outlet as an
indicator to determine the hydraulic conductivity functionality of the envelope: Total
Suspended Solids to determine the filter functionality of the envelope. Destructive
sampling of the envelope after completion of the experiment to determine ingress of

sediment into the envelope.

q Water level

093m “lay textured soil
0.15m Agegregate
0.23my i_ |—
| 0.08m Drainpipe
013m Aggregate
T | Clay textured soil
f—057m—»

Figure 1. Laboratory unit setup showing flow through the system and depth profile.
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4. Results

An aggregate in the 0.7 — 3 mm range preformed best from a discharge
rate perspective (Figure 2a). Discharge was inversely related to aggregate
size, with larger discharges being measured in the smaller aggregate sizes.
For all aggregates examined, discharge was greatest at the start of the
experiment. before reducing over time. From a sediment loss perspective,
the best performing aggregate was in the 2 — 10 mm range (Figure 2b).
Most of the sediment loss occurred within the first 8 days of the experiment.
Lowest sediment ingress into the envelope was observed in the 0.7 to 10
mm range.
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Figure 2. (A} Cumulative average discharge rate and (B) cumulative flow
weighted sediment loss (error bars indicate the standard deviation). Discharge
and sediment loss data for Aggregates 6. 7, 8 and 9 were not obtained, as they
had met criteria for faifure within the first 24 hrs of operation.

5. Conclusions

An aggregate size range from 2 — 10 mm is optimal from both filtration and
discharge perspectives. for a clay textured soil. However, aggregate sizes up to
20 mm would be acceptable. Aggregates greater than 20 mm in size did not
perform effectively and should not be used with a clay textured soil. When the
cost of the aggregate material is also considered, aggregates in the lower range
(0.7 to 10 mm) are 18 to 50% more expensive than aggregates in the higher
range (10 to 20 mm). The higher range would be optimal from a performance
and cost paint of view. Contractors and landowners should source aggregates in
these ranges for better performance and lifespan outcomes.
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2. Introduction
» Questions remain over which size and type of]
material to use in drainage systems.
- Available aggregates are highly influenced by
geology, cost and local perception.
» The grading and washing of aggregates can
change.

3. Materials and Methods

Survey:

* 61 Crushed rock|
quarries and 32 sand
and gravel pits.

* Questions asked on
lithology, 3 sizes sold
for land drainage and
associated cost.

*» The results of this
survey will be assessed
for location (Fig.1),
popularity of  type
(Fig.3) & size and the|
associated cost (Fig.4).

Legend
@ Ssat oGavel o Umestone
* Sandsiors

rcux;u

A aProDevser Aeneen

PSD & % of fine material:
« 80 samples of drainage stone varying in size and

* These results were

quarries

Fig.1 Location and type of surveyed

type were collected and subsequently sieved and
washed for PSD analysis.

The weight retained on each sieve were plotted
and converted for graphing on a cumulative
percentage graph. 4 N

the grouped by size
and assessed for a
gravel that has a
close grading and
low percentage of
fines.

Fig.2 Various aggregate types an&
sizes.

4. Survey results

Aggregate sizes in Demand

||I||I||||||..u..

Fig.3 The aggregate sizes most commonly sold for land drainage
use.
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Fig.4 Cost of aggregate sizes by reglon

1. PSD analysis results
IBAG19028 represented in Fig.5 in black is an ideal
gravel where 85% of the material is within a 3mm
range and has a low amount of fine material.
Depending on the sieves used a 20mm gravel can
range anywhere on the higher end between 31.5-
20mm and on the lower end between 17-5mm.
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Fig.5 Cumulative percentage of 20mm aggregate & the corresponding

g/kg of fines material (<2mm).

quarries.

5. Conclusions
» Compromising quality for cost can affect the lifespan of you drainage system, an emphasis
should be placed on reducing the size of aggregate.
» Aggregates should be closely graded, well washed and in the range of 10-40mm.
- Different grading of the aggregate can have a large effect on the particle size distribution curve.
A grading curve should be obtained from the quarry as quoted sizes can vary between
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Drainage: choosing
your aggregates

A wide range of sizes, types and costs of aggregate materials are available for
use in land drainage across the country.

Figur 1: The disribution of quarry types around the country
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A survey conducted in January

in cost and availability of suitable
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repcesented within the survey in
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rock type in Ireland. Gravels (3%)
‘ave a wide geographical distriba
tion.

‘Sandstone (11%) ks widely avallable
in Munster. Other quarries inclade
Greywacke, a sandstone with >15%

the gravel o tranamit water.
d aggregates can interiock, reducing
flow rate.

Althoagh it i i o huve
aiqusts flow ol Wakr throtghthe
ravel it sl needs to act as a ilier
The size of aggregates used

Table 1: Aggregate price by
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region
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