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ABSTRACT 

Stuyt, L.C.P.M. 1992. The water acceptance of wrapped subsurface drains. Doctoral 
thesis. Wageningen Agricultural University, Wageningen, The Netherlands, (X) + 314 pp. 

The water acceptance of subsurface, agricultural pipe drains is largely determined by the 
hydraulic conductivity of the surrounding zone. If this zone consists of soil with a poor 
structural stability, such drains must be wrapped with an envelope to control the rate of pipe 
sedimentation while safeguarding easy access of water. The studies were made to elicidate the 
effects of envelope specifications on these requirements. 

Envelope response was observed in analogue models, for cohesionless, and weakly cohesive, 
very fine sandy soils. Cohesionless soils were stabilised best by "thin" envelopes. Water access 
was easy and was not a factor of importance in design. In weakly-cohesive soils, the capability 
of envelopes to meet the requirements was quantified using an "Envelope Suitability Index" 
(ESI). Both soil type and envelope type had a significant effect on ESI. Nevertheless, analogue 
model tests were of limited value because the findings could not be compared with field 
observations. 

A field survey was made of grade lines of 184 drains and of soil invasion and sedimentation 
patterns, root penetration and other phenomena in these drains. They were wrapped with various 
envelope types and installed in weakly-cohesive, very fine sandy soils in three experimental 
fields in The Netherlands. Over 9600 m of drain length were inspected. The rate of pipe 
sedimentation differed significantly between the experimental fields. The particle retention 
capability of envelopes was associated with the effective opening size of their pores, "O90". The 
mechanisms of soil invasion into drains and the observed sedimentation rates differed from those 
predicted in analogue models. Generally, envelope specification had no significant effect on 
drainage resistance; only in cases where drains were also used for subirrigation did 
"voluminous" envelopes have significantly lower drainage resistances than "thin" ones. 

Cores, containing wrapped drain sections with the surrounding soil were sampled at 45 
locations. All sections had been functioning in weakly-cohesive, fine-sandy soils for a period 
of 5 years. The effect of soil and envelope specification on the flow of soil particles near the 
drains was investigated by microgranulometric analysis. Generally, the finest soil particles were 
found to be concentrated near the soil/envelope interface. This tendency was largely accounted 
for by the particle size distribution of the soil. A "natural soil filter" had only developed in a 
few instances. The envelopes improve stability through supporting the soils rather than through 
acting as filters. The cores were also examined by x-ray computerised tomography (CT) through 
50 adjacent slices. This yielded three dimensional (3D) mappings of the most permeable areas 
inside the drain envelopes and surrounding soils that convey most of the water to the drains. A 
finite element model was used to study the effect of radial soil heterogeneity around a 
subsurface drain on the water table height. Water flow and envelope clogging were found to be 
quite heterogeneous and were mainly determined by soil structural features. Soil structural 
stability is therefore the main determinant of the service life of wrapped drains. The physical 
effect of an envelope on physical soil/envelope interactions is less important than is generally 
assumed. On the contrary, soil properties are crucial. 

Additional index words: agricultural drainage, envelope materials, geotextiles, drain 
filters, mineral clogging, core sampling, computerised tomography, image processing. 
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STELLINGEN 

I 

Terecht stelde de Jager reeds in 1965: "De irryloed van de doorlaatfactor van de grond in de 
onmiddellijke omgeving van een drainbuis is van grotere betekenis voor de toestroming van het water 
dan de geometrie van perforaties of stootvoegen bij verschillende typen buizen. Dit stelt speciale eisen 
aan de uitvoering van drainages." In het onderzoek is, en bij het leggen van drainages wordt met deze 
stelling te weinig rekening gehouden. 

(Stelling No. XI, behorend bij het proefschrift van A.W. de Jager, getiteld: "Hoge afvoeren van enige 
Nederlandse stroomgebieden." Landbouwhogeschool, Wageningen, 1965.) 

Dit Proefschrift. 
II 

De waterstroming in de onmiddellijke omgeving van draineerbuizen die zijn gei'nstalleerd in zwak-
cohesieve gronden wordt grotendeels bepaald door de structuur van de grond random zulke buizen en 
is heterogeen. Daarom is het "klassieke" concept van de intreeweerstand die het water nabij deze buizen 
ondervindt in dergelijke gronden niet of slechts gedeeltelijk geldig. 

Dit proefschrift. 

Ill 

Het functioneren van omhullingsmaterialen in zwak-cohesieve gronden kan niet worden voorspeld door 
middel van analoge modelproeven in een laboratorium. 

Dit proefschrift. 

IV 

Met betrekking tot het grondkerend vermogen van omhullingsmaterialen voor draineerbuizen is de 
karakteristieke poriegrootte ("CV') de enige parameter waarvan de significantie is aangetoond. 

Dit Proefschrift. 

De dikte van een omhullingsmateriaal heeft in de praktijk meestal geen effect op de drainageweerstand. 
Alleen indien sprake is van microbiologische en/of ijzerverstopping verdienen "volumineuze" materialen 
de voorkeur. 

Dit Proefschrift. 

VI 

Rondom vooromhulde draineerbuizen is slechts bij uitzondering sprake van "natuurlijke filteropbouw" 
in de omringende, zwak-cohesieve grond. Meestal verstopt deze grond met gesuspendeerd bodemmateri-
aal. De textuur van de grond speelt hierbij een rol; specificaties van het omhullingsmateriaal niet. 

Dit proefschrift. 



VII 

Het bedrijfsleven levert omhullingsmaterialen voor draineerbuizen. Aannemers bepalen echter de 
eigenschappen van het belangrijkste filtermateriaal, zijnde de grond in de onmiddellijke omgeving van 
zulke buizen. 

Dit proefschrift. 

VIII 

Vrijwel alle in de literatuur gerapporteerde proefnemingen zijn gelukt. 

IX 

Omdat de effecten van het "doorspuiten" van draineerbuizen op de drainageweerstand en de slibhoogte 
in deze buizen slechts incidenteel en gebrekkig zijn vastgesteld en ondeskundig "doorspuiten" soms 
nadelige gevolgen heeft voor de werking van drainage is het niet verstandig om zonder meer tot 
"doorspuiten" over te gaan. 

X 

De kwaliteit van manuscripten wordt nadelig befnvloed door het gebruik van tekstverwerkers. 

Mendelson, E. 1991. How computers can damage your prose. Times Literary Supplement, 22-2-91. 

XI 

De macht der feiten is groter dan alle wettelijke theorie, leerde Thorbecke reeds. Dit geldt niet alleen in 
het staatsbestel maar ook in de hydrologie. Bij theorievorming spelen computers een grote rol; van de 
feiten stelt men zich op de hoogte door het doen van waamemingen. Niet aan een computerscherm, maar 
in het veld. Dit laatste wordt wordt nog wel eens vergeten. 

XII 

Bij de hydrologische systeemanalyse en de ontwikkeling van modellen ten behoeve van ecohydrologie 
en regionaal waterbeheer is "3D Computer Vision" een nuttig hulpmiddel om het realiteitsgehalte van 
modellen te verifieren. 

XIII 

De kennis, opgedaan in verdrogende natuurterreinen is niet zonder meer toepasbaar in vernattingsstudies. 

Steenvoorden, J.HAM. et al. 1991. Van verdrogen naar vernatten. Verkennende studie naar huidige 
kennis en wenselijk onderzoek, uitgevoerd door het Staring Centrum. NRLO Rapport No. 91/10. 

XIV 

Het is onjuist dat zwangerschapsverlof wordt geregistreerd als ziekteverlof. 

XV 

Elke braio is een aio maar niet elke braio Is een braio terwijl sommige aio's braio's zijn. 

"College wil nieuwe braio-ronde"; Wagenings Universiteitsblad 6(28):9. 

Stellingen behorend bij het proefschrift van L.C.P.M. Stuyt: 
"The water acceptance of subsurface wrapped drains". 
Wageningen, 24 januari 1992 
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1 INTRODUCTION 



1 Introduction 

Design of drain filters for soils 
of low structural stability 

In any subsurface drainage system, all the water discharged must pass through 
the soil surrounding the drain and in many cases through a filter placed between 
the soil and the drain pipe. In addition, the major portion of the available hydraulic 
head will be dissipated near the drain. The zone around a drain pipe therefore 
needs careful design, particularly if the structural stability of the soil to be drained 
is poor. 

Drainage system design is based on a water flow analysis into drains, which is 
usually approximated to a case of two-dimensional steady groundwater flow. This 
problem is solved using the differential equation of Laplace with appropriate 
boundary conditions, usually in a vertical cross-section through the drains. 
Simplifying assumptions are made concerning the media involved, i.e. the soil near 
the drain and the drain filter or envelope, thus presuming idealized flow media. 
Such idealized flow media are usually considered as isotropic and homogeneous 
throughout. 

Cohesionless and weakly-cohesive soils 

With the exception of cohesionless soils and those with well-graded granular 
filters, natural soils and other drain filters may be very much different to these 
idealized media. In fact, the heterogeneous composition of both soil and filter may 
be the principal factor which controls the flow of water to subsurface drains. Any 
theories which are based on idealized flow conditions cannot resolve the effects 
on drain functioning of irregularities caused by layered soils, backfill aggregates, 
macropores, cracks, soil structure deterioration etc.. This is particularly so if the 
physical dimensions of the heterogeneities are relatively large as compared to the 
dimensions of the flow area under consideration. Therefore, whereas soil 
heterogeneity may not be so important to an analysis on a field scale, in the small 
flow area near drains it is crucial. This fact may impose severe restrictions to 
efforts to investigate properties of drain filters, notably in weakly-cohesive soils. 



Envelope materials as the weak link 
in drainage engineering 

In The Netherlands, about 80% of all laterals are pre-wrapped pipes; a measure 
of the high percentage of unstable soils. Due to the drag force of the water, soil 
particles or aggregates may be carried through the wrapping material (often 
referred to as "envelope" or "drain filter") into the pipe via its perforations. This 
process can never be prevented completely, but envelopes may substantially slow 
it down. In doing so, however, the envelope itself (or its transition with the 
surrounding soil) may become clogged by trapped sediment. 

From an engineering standpoint, design and use of traditional filters is not a 
major problem. Such filters, consisting of gravel, broken shells or loose organic 
materials like peat litter are quite voluminous and have proved satisfactory under 
most circumstances. Reliable and unambiguous design criteria for traditional 
granular drain filters (gravels and very coarse sands) are available and have been 
applied successfully in practice (Terzaghi, 1961). This category of filters is beyond 
the scope of this study. Since traditional granular filters were comparatively 
expensive, the use of cheaper (and often less reliable) alternatives became 
widespread. These materials were usually composed of organic fibres such as 
found in crop residues. Peat filters, already mentioned, were applied successfully 
for many years although problems arose with straw. Straw is prone to 
microbiological decomposition and may develop impermeable crusts. Reed gave 
more satisfactory results than chopped flax. 

Installing drains by manual labour cannot be done under adverse ("poor") 
conditions such as shallow groundwater tables or general wetness. This ensured 
a long service life for the installed systems. Since the introduction of 
mechanisation however, introduced in 1954, installation speed has risen drastically 
and control of the quality of the work (e.g. grade line accuracy) has become more 
difficult, particularly after the introduction of the flexible corrugated pipe. 
Installation under poor conditions also became possible and proved hard to 
prevent, due to the high fixed costs of machinery. 

In further attempts to bring down the cost of drainage systems and to increase 
installation capacities, loose organic materials were gradually replaced by cover 
materials in strip form: a roll of such a strip could be carried on a trencher and 
rolled out over the pipe as it was being installed. The first materials produced in 
strip-form were fibrous peat, flax straw and coconut fibres. In the 1960s, strips of 
glass fibre sheet were also used, being affordable and easy to handle. Meanwhile, 
high quality peat litter, a traditional filter, became scarce, prompting a search for 
alternatives. 



Soon after the introduction of corrugated pipes in 1962 the use of cover 
materials in strip-form was abandoned and fibrous envelopes were developed 
which could be wrapped around corrugated pipes prior to installation. Pipe and 
filter could now be installed as a composite, wrapped drain, reducing the 
installation costs by roughly 50%. 

Wrapped drains may be installed with chain diggers ("trenchers") as well as 
with trenchless installation machines. Quality control of drains, installed with the 
latter type of machine is even more problematic, because it is impossible to 
monitor the installation process which is hidden to the eye and inaccessible. 

Following the introduction of these new types of drain envelopes, hitherto 
infrequently occurring problems like mineral, chemical and microbiological (iron 
ochre) clogging of envelopes and pipes have become widespread. In this study, 
only mineral clogging will be considered. 

In contrast to the traditional voluminous filters like gravel, the physical 
dimensions of new pipe envelopes are now "approaching the limit" in this respect. 
Pipe envelopes or filters are required to retain an as yet unknown number of soil 
aggregates, whilst safeguarding proper drainage by not loosing permeability 
through excessive mineral envelope- and pipe clogging. Particularly in the 
temperate climatic zones, groundwater drainage has become considerably cheaper 
over the past decades. Envelope research is therefore prompted by economic as 
well as technical factors. Notably in arid areas, where drainage systems are mainly 
installed for salinity control, the need to replace potentially excellent but expensive 
gravel filters by affordable synthetic alternatives is urgent. Experience, however, 
proves that it is difficult to develop reliable envelopes for use in weakly-cohesive 
soils, at marginal cost. 

Progress in research 

Much has been written about the flow of water through porous media into 
drains, but these theories cannot provide generally valid recommendations for the 
design of affordable envelope materials and well-established, universal guidelines 
for their application. Existing empirical guidelines, though often applied 
successfully, are only regionally applicable. Mineral clogging near the interface 
between envelopes and weakly-cohesive soils has always been difficult to analyze 
theoretically because (a) the complicated nature of this process is underestimated, 
(b) unambiguous analogue simulation in a laboratory has proved to be very 
difficult, and (c) the process itself is inaccessible to direct monitoring, either in the 
field, or in a laboratory, due to fundamental limitations of existing research tools. 



In The Netherlands, many field and laboratory tests have been made. Field 
research is however expensive and time consuming, and the results are non
transferable and often contradictory. On the other hand, attempts to develop a 
standard laboratory test for envelopes have not been very successful. Research into 
drain envelopes is therefore restricted to monitoring the response of "promising" 
materials in terms of their sand-tightness and hydraulic conductivity in laboratory 
tests, and monitoring the drainage resistance of laterals in experimental fields. As 
a result, the role of envelopes in the process of mineral clogging is still not well 
understood, a rational approach to envelope design has not been developed, and 
the data emerging from experience and tests is difficult to apply in drainage 
engineering practice. 

Two main categories of drain envelope research have been reported: one that 
seeks to simulate and understand the process of mineral envelope clogging and 
another dealing with the effect of assumed mineral clogging rates on the hydraulic 
functioning of a drainage system. In the first category, efforts are made to observe 
changes in hydraulic and filtering properties of envelopes with time. This is done 
using analogue laboratory models as well as experimental fields. In the second 
category, mathematical as well as analogue models are used to simulate discharge 
through wrapped drains. The practical approach used in both these categories is 
as follows. 

1. Simulation of mineral clogging 

1.1 Analogue simulation: soil tank models 

The physical process of envelope clogging is simulated in laboratory 
arrangements like permeameters or soil tank models. A sample of an envelope 
and a soil are installed in the laboratory test apparatus, saturated with water 
and subjected to a continuous flow of water for a restricted period of time 
(Stuyt, 1982). Mineral clogging rates and hydraulic conductivities are recorded. 
Results have limited, regional applicability and are often ambiguous. The 
assumption that knowledge of physical properties of envelopes on the one 
hand and soil texture data on the other will provide conclusive answers 
concerning applicability of these envelopes in those soils, has proved to be too 
optimistic. 

1.2 Research in experimental fields 

Drains, wrapped with several envelope types are installed in the field. Soil 



texture is determined at several locations. Drain outflow rates and water table 
elevations are frequently recorded, drainage resistances of laterals are 
investigated with time and attempts are made to correlate drainage resistances 
to envelope types. Excavations are made to check drain clogging rates and 
microbiological decomposition of organic envelopes (Scholten, 1988). 

2. Models to simulate discharge 

2.1 Mathematical models 

Radial flow towards a drain through a soil and an envelope is simulated by 
solving the Laplace equation. This is done either analytically, through complex 
transformation of the two-dimensional flow domain (Nieuwenhuis and 
Wesseling, 1979), or numerically. Discharge rates and hydraulic gradients are 
computed as related to hydraulic conductivities and geometric boundary 
conditions. 

2.2 Analogue models 

The analogy of water flow in porous media and electric current in 
conductive media is the basis of electric analogue models. A model, 
representing a wrapped drain, is immersed in electrolytic fluid and acts as an 
electrode. A copper cylinder wall, placed around the drain electrode forms the 
outside flow boundary. Electric current flows from the cylinder wall electrode 
through the envelope and the drain. The three-dimensional voltage distribution 
in the electrolyte is recorded with a sensing probe. Voltage distributions are 
analogous to the distribution of hydraulic heads around drains and the effect 
of assumed hydraulic conductivities, envelope geometries and pipe perforation 
patterns on the head distribution is investigated (Dierickx, 1980). 

3. Other investigations 

Several investigations have been made into the heterogeneity in and near drain 
envelopes. Drain sections have been sampled and preserved in resin after which 
two-dimensional cross-sections could be examined. Through this procedure, soil 
density variations, contact erosion patterns and mineral clogging rates can be 
qualitatively analysed (Gourc, 1982). The highly complex three dimensional 
structure of these phenomena is however neither visualized nor quantified, yet this 
structure governs the functioning of drain envelopes in the field. 



It is important to realize that the ongoing inability to monitor contact erosion 
and mineral clogging at soil/envelope interfaces and, as a consequence, recognition 
and quantification of inherent mechanisms, blocks further progress in improving 
drain envelope design. More quantative data are urgently needed to advance 
beyond the current point of stagnation. The ongoing increase in computational 
power, combined with sophisticated display techniques have recently enabled the 
application of x-ray computerised tomography or CT, an existing medical 
diagnostic tool, in soil science (Petrovic et al., 1982). CT allows nondestructive 
and non-invasive quantitative analysis of geometrically complex soil particle 
movement patterns and soil structure components, in three-dimensional space. It 
is used in this study to examine common drain filters and their local soil 
environment under various conditions, after a service life of at least five years. 

Contents of this study 

This study provides factual information concerning (a) mineral clogging of pipes 
and hydraulic conductivities of soil- and envelope samples as investigated in 
laboratory permeameter flow tests, (b) rates and patterns of sedimentation in drain 
pipes, related to envelope material and grade line accuracy as recorded in 
experimental fields, (c) macro-morphological heterogeneities in drain envelopes 
and in the surrounding soil due to internal erosion and mineral clogging processes 
around drains, (d) the flow of soil particles and -aggregates in the immediate 
vicinity of wrapped drains, and (e) an attempt to model water flow into drains 
using a numerical solution of the Laplace equation. All but the first phenomenon 
were investigated on lateral drains which had been functioning for at least five 
years. Research is focused on agricultural drainage systems in the temperate humid 
climate of The Netherlands. 

In Chapter 2, laboratory experiments on mineral clogging of drains and 
envelopes are described. Two tests were made; one with cohesionless soil samples 
and another with weakly-structured soils. In both tests, two main categories of 
envelopes were examined: envelopes with a thickness less than 1 mm ("thin" or 
"sheet" envelopes) and "voluminous" envelopes. The testing procedure proved very 
sensitive to soil sample configuration or "structure". After briefly discussing the 
test results and their consequences, subsequent work in three experimental fields 
is described in the following chapters. In Chapter 3, the findings of a field survey 
into sedimentation patterns and other phenomena in 184 lateral drains are 
presented. The effects of grade line inaccuracies of these drains, wrapped with 
various envelope types, are also discussed. The survey was made with a miniature 



video camera inspection system and special grade line recording equipment. On 
the basis of the acquired data, 45 locations were selected at which undisturbed 
drain sections were sampled. Determination of sample dimension and -geometry, 
sampling criteria and the field sampling procedure are the main topics in Chapter 
4. The variability of soil texture (=particle size distribution of soils) near drains 
was measured with a computerised particle size analysis instrument. The result of 
this analysis is presented in Chapter 5. All samples were exposed to a non-
disturbing and non-invasive x-ray CT scanning system. The CT data were used for 
two purposes: (a) to analyze the radial heterogeneity of the soil around drains, and 
(b) to quantify and visualize three-dimensional features in envelopes and soils. In 
Chapter 6, the effect of radial heterogeneity of the soil on the mid-drain water 
table elevation was assessed using a two-dimensional numerical ("finite element") 
simulation model for saturated groundwater flow. The results of the three-
dimensional analysis provide hitherto unknown information regarding soil 
structure, contact erosion and mineral clogging patterns at soil/envelope interfaces 
and clogging patterns inside envelopes. They are reported and discussed in 
Chapter 7. In the final chapter, results of the various research components are 
summarized and discussed. The water acceptance of drains as related to soils and 
envelope -specifications is assessed and conclusions are drawn. Chapter 8 
concludes with recommendations for the selection and installation of envelope 
materials in agricultural drainage engineering. 

• 

REFERENCES 

Dierickx, W. 1980. Electrolytic analogue study of the effect of openings and 
surrounds of various permeabilities on the performance of field drainage pipes. 
Comm. of the Nat. Inst, for Agr. Eng. (Med. Rijksstation voor 
Landbouwtechniek) 77. Merelbeke (Belgium). 

Gourc, J.P. 1982. Quelques aspects du comportement des Geotextiles en 
Mecanique des sols (Some aspects of the behaviour of geotextiles with 
respect to soil mechanics). These, Universite scientifique et medicale / Institut 
National Polytechnique, Grenoble, France (in French). 

Nieuwenhuis, G.J.A. and J. Wesseling. 1979. Effect of perforation and filter 
material on entrance resistance and effective diameter of plastic drain pipes. 
Agric. Water Managem. 2, 1: 1-9. 

Petrovic, A.M., J.E. Siebert and P.E. Rieke. 1982. Soil bulk density analysis in 
three dimensions by computed tomography scanning. Soil Sci. Soc. Amer. 
Journ. 46(3): 445-450. 



Scholten, J. 1988. Vijfentwintig jaar drainagematerialenonderzoek bij de 
Rijksdienst voor de IJsselmeerpolders (Twenty-five years of drain envelope 
research by the Dutch Polder Development Authority). Flevobericht nr. 291, 
Ministerie van verkeer en Waterstaat. ISBN 90 369 1040 4 (in Dutch). 

Stuyt, L.C.P.M. 1982. Drainage envelope research in The Netherlands. Proc. 2nd 
Int. Drain. Workshop, Washington DC. Ed. CPTA, Carmel, Indiana 
U.S.A.:106-123. 

Terzaghi, K. and R.B. Peck. 1961. Die Bodenmechanik in der Baupraxis. (Soil 
mechanics in building construction). Springer, Berlin, Germany (in German). 

10 



2 ANALOGUE SIMULATION OF MINERAL 
ENVELOPE CLOGGING 

11 



2 Analogue simulation of mineral envelope clogging 

ABSTRACT 

The suitability of envelopes to prevent excessive sedimentation in agricultural 
drains, yet promoting easy access of water, was examined in two configurations 
of an analogue laboratory model. The model apparatus consists of an upright 
plexiglass pipe section in which an envelope sample disc and an abutting soil 
sample are mechanically supported by a flattened portion of corrugated drain while 
loaded by weights or a spring. The assembly was exposed to one-dimensional 
vertical water flow, discharging through the corrugated disc. Tests were made with 
cohesionless, and with weakly-cohesive, very fine sands. Cohesionless soil samples 
favour reproducible results but their resemblance to field conditions is poor. The 
reverse is true when using weakly-cohesive samples. Cohesionless soils stabilized 
most satisfactorily by thin envelopes. Most entrance resistances were low and were 
not a factor of importance in design. In weakly-cohesive soils, the suitability of 
envelopes was assessed from their hydraulic properties and their soil particle 
retention capabilities, which were integrated in one parameter, the "Envelope 
Suitability Index" (ESI). Permeameter flow tests are of limited value if results 
cannot be compared with field observations. The assumption that moisture 
retention curves of envelopes are identical to pore size distributions is unsound. 

1 INTRODUCTION 

Although there is an obvious need to define general and valid design 
specifications for, and application possibilities of moderately priced envelope 
materials in weakly-cohesive soils, attempts to tackle this problem have never been 
very successful. The inability is due to superficial knowledge of the flow of water 
and particles in the immediate vicinity of drain pipes, installed in weakly cohesive 
soils, and the functioning of envelopes. Many types of analogue models and 
testing procedures, designed to simulate mineral envelope clogging in laboratories, 
have been proposed, mainly in Europe and in the USA. Research in the 
Netherlands is reviewed here. 

In the Netherlands, the use of fibrous peat litter as a cover layer for drain tiles 
was common practice for decades, and lasted until the end of the 1950s. On a 
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much smaller scale, tiles were covered with chopped flax, straw from cereal crops, 
wood chips, sawdust, heather bushes and shells. These materials were not always 
available in the required quantities and their handling was often laborious. The use 
of straw has not been successful because it often decomposed into low-permeable 
cakes. 

Glass fibre sheet, a mineral fibre nonwoven envelope, was introduced in the 
early 1960s and standards for this material were formulated in 1964. Due to 
rumours of mineral clogging its use declined soon afterward (Cultuurtechnische 
Dienst, 1964). In fact, it was the pipe material, not the envelope that caused the 
problems. The glass fibre sheet was wrapped around (40 mm outside diameter) 
smooth plastic pipes with sawn slots; corrugated pipes had not been introduced at 
that time. The area of the membrane, involved in the water flow, coincided with 
the very limited area of these slots (Fig. la). When using this membrane with a 
corrugated pipe, this area is much larger because of the voids between the 
envelope and the valleys of the corrugations (Fig. lb). This greatly facilitates the 
water acceptance of the drain. Due to this incident, reluctance to apply sheet 
envelopes persists even today. Other problems arose because drains were installed 
in unstable soils in areas where drainage experience was limited. In addition, the 
change to mechanized installation made it possible to install drains in wet soils. 
Hence, hitherto unknown problems were created like poor functioning of laterals 
due to soil structure deterioration near drains. These and other incidents have 
stimulated research into drain envelopes. 

Analogue modelling of water flow near subsurface drains was introduced in the 
Netherlands by Hooghoudt in the 1930s (Meijer, personal communication1). He 
built a concrete tank, 25 m long by 5 m wide to verify his mathematical solutions 
of flow towards drains. Much smaller analogue models reappeared in the mid 
1950s. These models were used to verify solutions for flow in the immediate 
vicinity of drains, considering radial flow resistance and resistance due to flow 
which converges towards the perforations ("entrance resistance"). De Jager (1960a, 
1960b) used a large sand tank model for making rapid comparisons between 
various types of plastic strips which were applied when draining soils by plastic 
lined mole channels and various types of newly introduced plastic pipes (Fig. 2). 
Radial flow towards drains could not be simulated in this large tank due to its 
rectangular, interior geometry. A similar model was developed by Wesseling and 
used by Wesseling and Homma at the Institute for Land and Water Management 
Research (ICW) in Wageningen. This model was 3 m long, 0.4 m wide and 1.60 

'Retired from the former Institute for Land and Water Management Research (ICW), 
Wageningen, The Netherlands. 
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Figure 1. a. Details of a smooth drain pipe. b. Details of a corrugated drain pipe. Reprinted 
with permission (Landinrichtingsdienst). 

m high. Its front was partly manufactured from glass, allowing flow lines to be 
observed by using dye tracers (Homma, personal communication2). The 
experiments with this "Wesseling" model allowed comparisons between newly 
introduced drain pipes and envelope materials with old established tile drains. The 
model was filled with "stuifzand", an eolic sand with 80-85% of the particles in 
the size range 100-300 pm. Water was supplied through a sprinkler system. The 
experiments compared discharges from pipes at various rates of water supply. The 
model was originally designed to investigate the effect of various perforation 
patterns in bare pipes. It was less suitable for routine measurements because 

2Retired from the Institute for Land and Water Management Research (ICW), 
Wageningen, The Netherlands 
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Figure 2. Sand tank as used by de Jager and Cavelaars. Its dimensions are 2 (W) x 1.2 (H) 
x 1 (D) m. Its central section was Tilled with soil as "trench backfill". The 
remainder of the soil in the tank remained in place. From Cavelaars (1965). 

(a) model preparation was time and labour consuming, and (b) due to its large 
capacity the model needed much time to reach equilibrium. The model was 
therefore replaced by a smaller, cylindrical model. 

From 1960 onwards, Cavelaars continued the research of de Jager in the large 
model tank. An important finding gained with this model was the poor 
reproducibility of the experiments: the results were highly sensitive to the initial 
soil moisture content and the manipulation of soil samples. Hence, Cavelaars 
concluded that installation conditions might be of paramount importance for the 
service life of drains (Cavelaars, 1965; Willet, 1962). This tank model was 
abandoned later for two reasons: the laborious testing procedure and the settling 
of soil underneath the drain, which created cavities and unrealistic flow conditions 
(Cavelaars, personal communication3). 

The model was replaced by a new generation of cylindrical models. In these 
models, a drain section was installed in an upright position in its centre. 
Simultaneously, models of this type were developed by Cavelaars (1965) (Fig. 3), 

3Retired from Heidemij, The Netherlands. 
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Figure 3. The cylindrical drain test model, developed by Cavelaars. Reprinted with 
permission from Cavelaars (1965). 

Boumans (1963) and Wesseling & Homma (1965). The common idea was to 
observe properties of envelopes only, not to simulate field conditions. Results were 
to be "translated" to field conditions at a later stage. Boumans used a rubber 
sealing on top of the sand, creating confined flow with horizontal, radial flow 
lines, allowing simple formulae to be used to describe the flow conditions. He 
stressed the importance of model preparation, the modelling results being very 
dependent on the way the sand tank was filled. Boumans insisted on the use of 
structureless soil samples to ensure homogeneity and isotropy, resulting in 
reproducible experiments, yet he regarded the absence of structure in soil samples 
to be in conflict with field conditions. Entrapped air, too, caused considerable 
problems because it reduced the effective pore space of the soil. Boumans 
therefore recommended the model to be filled with sand and water simultaneously 
but acknowledged that air may also dissolve from the flowing water during a test. 
Following his observations, Boumans suggested that an envelope may promote the 
washing out of fine soil particles near the interface between envelope and soil 
(development of a "natural soil filter"). The model designed by Cavelaars was 
largely identical; instead of using rubber sealing on top of the soil, he used a 
plastic sheet which was kept in place by ponded water. Wesseling & Homma 
(1965) used oil barrels (capacity 30 litres) that were modified to sand tank models 
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Figure 4. Barrels, used as sand tank models by Wesseling and Homma: water supply and 
manometer system (top); laboratory view (bottom). 

(Fig. 4). They measured the effect of various envelopes on the entrance resistance 
of drains. Contrary to the cylindrical models of Boumans and Cavelaars, the sand 
on top was not sealed off and flow towards the drain was equivalent to free 
surface flow from the outer perimeter of the drum to its centre. Entrance 
resistances of combinations of pipes and envelopes were found by comparing the 
head losses due to this flow with those found for flow towards a fully permeable 
well according to Thiem's equation. Homogeneous sand was used to obtain 
reproducible and consistent results. Entrance resistances were found to be inversely 
proportional to envelope thickness. It was acknowledged that field results were 
likely to be less favourable due to clogging by mineral particles and ochre 
deposition. At a later stage, the barrel was replaced by a plastic container, the 
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"ICW model" because its small diameter (360 mm) probably caused considerable 
data spread (Wesseling & Homma, 1967). The "ICW model" had a diameter of 
660 mm and contained a 600 mm long drain section. Feddes (1966) tested peat 
varieties and some synthetic granular waste materials in this model. Wrapped pipes 
were installed in upright position, (Fig. 5). His results confirmed earlier findings 
though it was recognized that the soil load, acting on horizontally installed laterals 
in the field but absent in the laboratory container, might invalidate the results for 
design purposes. Meijer (1972, 1974) continued testing with this container, using 
eolic sand, sampled at Kootwijk, The Netherlands. All kinds of envelope materials 
were examined, including shredded car tyres and coffee grounds. The main 
conclusion of this work was that envelope pores must not be too small in order 
to allow a limited number of soil fines to be evacuated into the pipe, promoting 
enhanced hydraulic conductivities in the soil around drains (i.e. the development 
of a "natural soil filter") (Meijer & Feddes, 1972). Awareness of the structural 
stability of a soil as a crucial parameter was awakening but the link with envelope 
functioning was not yet made. Wesseling & van Someren (1972) reported on the 
experience gained in the Netherlands at that date. 

At the end of the 1960s, coconut fibres were introduced as a material for 
envelopes. Being comparatively cheap, "cocos" soon dominated the market because 
high quality peat litter became scarce and expensive (Meijer, 1973). At a later 
stage it was discovered that coconut fibres were often subject to microbiological 
decay (Meijer & Knops, 1977, Antheunisse, 1979, 1980, 1981), stimulating the 
drive to replace organic substances with synthetic alternatives. It was argued that, 
contrary to "organic" envelopes, "synthetic" ones could be manufactured according 
to design criteria which could be established in a laboratory test. 

At the beginning of the 1970s, a newly installed drainage system at "de 
Drieban" in the Province of Noord-Holland, largely failed. A minor part was 
installed in August and functioned satisfactorily. The remainder was installed 
during the subsequent winter under wet conditions and failed. The area was 
redrained successfully two years later (van Someren, personal communication4). 
Following this experience, Homma (1973) investigated the influence of installation 
conditions on drainage efficiency in an analogue laboratory model. He found that 
drainage under wet conditions may reduce the hydraulic conductivity of the trench 
backfill by a factor 100. 

By 1975, a Dutch working group of agricultural drainage specialists, "Drainage 
Studie Groep" (DSG) concluded that the results of laboratory tests were 

"Retired from the International Institute for Land Reclamation and Improvement (ILRI), 
Wageningen, The Netherlands. 
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Figure 5. Vertical cylindrical sand tanks, used by Feddes (1966) and Meijer (1972): water 
supply and manometer system (top); laboratory view (bottom). 
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ambiguous. They could neither provide sound design criteria for the envelopes 
themselves, nor valid recommendations for their installation in various soil types. 
Despite these conclusions another laboratory project was initiated because field 
research was considered too expensive while the results were not convincing either 
(Jonkers & Miedema, 1975). Boers (1975) reviewed five Dutch analogue models 
for testing (wrapped) drains with emphasis on the "ICW model". Attention was 
focussed on the influence of disturbing factors like a seepage surface at the drain 
wall, the effect of air in soil pores and soil compaction on flow hydraulics. The 
influence of such factors could be minimized if several rules were strictly obeyed 
with respect to discharge, test duration, etc.. No attention was devoted however to 
soil particle movement near the drain. 

Emerging from discussions in the DSG, Wesseling (1975) summarized the 
Dutch experience, gained with laboratory testing so far. A major disadvantage of 
existing tests was the fact that mineral clogging was inadequately simulated due 
to the upright position of the drain. Sand tanks with horizontal drains were 
considered more reliable but too laborious, hence he suggested using a small 
container with flat envelope sample discs (envelope + pipe material) installed at 
the bottom. In a new project, a standard applicability test for envelopes was to be 
developed. This test should (a) be a tool to quantify design parameters for 
envelopes, (b) be reproducible and (c) include major factors which affect mineral 
clogging. It was not intended to simulate field conditions, and the results were to 
be linked to field observations at a later stage. 

Knops and Eskes introduced a laboratory testing system consisting of upright 
cylindrical permeameters as recommended by the DSG (Eskes, 1977). As the 
reproducibility was considered very important, artificial, cohesionless soil fractions 
were used instead of natural soils. They developed an apparatus to determine pore 
size distributions of envelopes by means of a suction method and established 
relationships between envelope pore sizes and their filtering and hydraulic 
properties. Although physical properties of envelopes could be determined, the 
results could not be unequivocally transferred to field conditions because the 
properties of cohesionless, artificial soil fractions differed from the ill-defined and 
uncertain behaviour of natural, weakly-cohesive soils. Although the results were 
not conclusive it was decided to continue this type of test, provided that 
cooperation could be established with soil scientists. 

Concurrently, similar research was carried out elsewhere. Van Someren and 
Boers (1977) used the sand tank model, developed by Boumans in 1963, to test 
drain envelopes in Pakistan. A sand tank model study was made in Belgium 
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(Dierickx, personal communication5), followed by field experiments (Dierickx & 
Leyman, 1978). Zuidema and Scholten (1979) measured entrance resistances of 
wrapped drains in a large sand tank with a horizontally oriented drain section (Fig. 
6). They used cohesionless soil samples from the newly reclaimed Dutch Ussellake 
polders. No attempts were made to explain the process of mineral clogging of 
envelopes (Scholten, 1988). Preparation and operation of these tests was time 
consuming but agreement with results from field experiments was fair. 

horizontal drain 
(1-30m long)-
+ envelope 

60 cm 

:—r 

30 cm 

Figure 6. Cross-section of horizontal sand tank model, used by Zuidema and Scholten 
(1979). 

Meanwhile, mathematical and analogue models were developed and used to 
quantify the influence of envelope permeability and -thickness on the entrance 
resistance of drains. These models assumed that the envelope, the soil and regions 
of comparatively low hydraulic conductivity (e.g. due to mineral clogging) were 
homogeneous and isotropic. As such, they were a further development of previous 
work by Widmoser (1968). Major contributions were made by Nieuwenhuis & 
Wesseling (1979) who developed a mathematical model, and Dierickx (1980) who 
used an electrolytic analogue model. 

Kumova (1979) used the sand tank models of Wesseling & Homma and 
Boumans for comparative envelope tests with "Blokzijl" sand and "Almere sand", 

5Research Officer, Agricultural Research Centre, Research Station for Agricultural 
Engineering, B-9820 Merelbeke, Belgium. 
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very fine sandy marine deposits from the Ussellake Polder area in the Netherlands. 
She concluded that thin envelopes could only be successfully applied in moderate 
to coarse sandy soils. The influence of unfavourable (wet) installation conditions, 
discussed by Willet (1962), Cavelaars (1965, 1966, 1967, 1970) and van Someren 
& Naarding (1965), and not covered by this test, were considered to be a serious 
challenge to the validity of the results. 

Meanwhile, Knops (1979) reviewed the progress in research. He concluded that 
field experiments were too expensive for the results obtained and suggested 
emphasis to be placed on laboratory testing once more, testing promising envelope 
materials further under field conditions. In addition, Knops published guidelines 
for the selection of appropriate envelopes, in cooperation with other Dutch 
drainage experts (Knops & Zuidema, 1977; Knops et al., 1979). 

The work of Knops and Eskes was continued by Seijger (1978, 1980). He 
modified the laboratory apparatus and measured the thickness, pore size 
distribution, hydraulic conductivity and the particle retention capability of various 
envelopes. The particle retention capability of envelopes was examined with 
cohesionless soil fractions. The test was therefore a tool to quantify design 
parameters of envelopes as suggested by Wesseling (1975) but did not simulate 
mineral clogging under field conditions. The earlier awareness that soil structure 
was a factor of significance in mineral clogging of envelopes and pipes receded. 
From Seijger's work, some qualitative conclusions could be drawn. Soil load has 
a significant influence on the pore size distribution of voluminous envelopes 
(thickness > 1 mm). Voluminous envelopes have a better particle retention 
capability than thin ones. The latter have relatively narrow pore size distributions 
and are prone to mineral clogging. Voluminous ones have wide pore size 
distributions, larger pores and higher residual hydraulic conductivities. Coconut 
fibre envelopes were not recommended because of their poor particle retention 
capability. The number of experiments was insufficient to observe significant 
trends in hydraulic and filtering properties of envelopes. No effort could be made 
to link the results to data from field experiments, simply because such data were 
not available. In Belgium, properties of envelopes were observed in a similar 
laboratory apparatus, using sieved aggregates to represent weakly-cohesive soils 
(Dierickx & Yuncuoglu, 1982). 

In 1980, the Dutch Foundation KOMO (Quality Declarations Organisation for 
Building Materials and Components) initiated and sponsored a laboratory research 
project at ICW6 in Wageningen, The Netherlands. The research was also 
sponsored by Dutch Governmental Institutions and Dutch and foreign 

6The former Institute for Land and Water Management Research. 
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