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MODELING PERFORMANCE  
OF A TILE DRAINAGE SYSTEM  

INCORPORATING MOLE DRAINAGE 

P. Tuohy,  J. O’Loughlin,  O. Fenton 

ABSTRACT. Mole drain performance is known to vary temporally and spatially due to variations in soil properties, instal-
lation conditions, mole channel integrity, and weather patterns. In fine-textured, low-permeability soil profiles, moles can 
be installed to supplement an underlying tile drain system. However, moles are often not included in such designs. The 
objective of this modeling study was to investigate the performance impacts of variations in mole integrity and design in 
such a soil profile during a range of rainfall event scenarios. A finite element software package (SEEP/W) was used to 
model a field site having (system 1) subsurface tile drains (0.9 m depth, 15 m spacing) with gravel aggregate(10 to 50 mm) 
and intersecting mole drains (0.6 m depth, 1.4 m spacing). The field site was subjected to a pedological survey to charac-
terize the soil profile, while an on-site weather station and end-of-pipe flowmeters provided rainfall and discharge data 
from which the model could be calibrated. The calibrated model showed close agreement between modeled and observed 
subsurface discharge in the validation period (coefficient of mass residual = 0.12, index of agreement = 0.94, model effi-
ciency = 0.74). The model was then used to evaluate the impact of three alternative designs: tile drains only, a common 
practice in similar soils (system 2); a design similar to system 1 but with the saturated hydraulic conductivity (Ks) of the 
mole-drained layer decreased to mimic a reduction in mole drain integrity and effectiveness (system 3); and a design similar 
to system 1 but with Ks of the mole-drained layer increased to mimic improved soil disturbance and fissuring during instal-
lation (system 4). These systems were analyzed using the calibration (event A) and validation (event B) rainfall events as 
well as two notional rainfall scenarios: a “fixed rainfall” scenario (event C) with a rainfall rate of 2 mm h-1 applied to all 
systems for 50 h and a “historical rainfall” scenario (event D) with annual (30 year) average daily values for the area 
(taken as the average monthly totals divided by the number of days per month) applied over a year. Results showed that the 
modeled designs exhibited similar relative behavior in all simulated rainfall scenarios. Systems 1 and 4 consistently outper-
formed systems 2 and 3 in terms of average and peak discharge and water table control capacity. Across rainfall events, 
system 2 (without mole drains) was the least effective and was seen to decrease drain discharge by an average of 63% and 
reduce mean water table depth by an average of 72% relative to systems 1 and 4. Results showed the importance of mole 
channels in supplementing tile drainage on fine soils, as well as the importance of mole integrity for optimal performance. 
Such a tool could provide decision support in the drainage system design process and assess the implications of design 
variations on cost, expected performance, and likely returns to the landowner by estimating seasonal variations in drainage 
discharge and water table position. Identifying and characterizing the major soil types on a farm through soil profile pedo-
logical descriptions and collation of real soil physical and meteorological data is essential to prescribe appropriate drain-
age designs and prioritize areas for drainage installation in light of technical feasibility and cost estimates. With high-
resolution data, the software can be calibrated for other drainage system and climate change scenarios. 
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ole drainage is used in fine, poorly permeable 
soils in conjunction with conventional PVC 
pipe drains to increase infiltration and down-
ward movement of rainwater to the tile drain-

age system. Mole drains are formed with a tractor-mounted 

mole plow consisting of a torpedo-like cylindrical foot, at-
tached to a narrow leg, drawing a slightly larger cylindrical 
expander behind (Tuohy et al., 2016; fig. 1). During instal-
lation, the mole plow forms cracks in the soil as the soil is 
displaced forward, sideways, and upward along well defined 
rupture plains (Smedema and Rycroft, 1983). Mole drainage 
relies on this network of closely spaced channels and subsoil 
cracks to rapidly convey excess soil water to the tile drainage 
system during rainfall events (Childs, 1943; Spoor, 1982; 
Hallard and Armstrong, 1992; Tuohy et al., 2015, 2016). Sta-
ble mole channels can only be formed in fine, plastic, stone-
free horizons, and their performance and lifespan are largely 
determined by soil type and installation conditions (particu-
larly soil moisture content during installation). Seasonal dif-
ferences in performance have also been documented due to 
the propagation and degeneration of shrinkage cracks in dry 
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and wet periods, respectively (Jarvis and Leeds-Harrison, 
1987; Robinson et al., 1987; Tuohy et al., 2016). The 
lifespan of mole drains can vary from one to five years (Gal-
vin, 1983, 1986; Harris, 1984; Cavelaars et al., 1994), with 
some systems showing a gradual decline in performance and 
others an abrupt failure, usually instigated by an extreme 
rainfall event or a series of events (Spoor et al., 1982; Mul-
queen, 1998). The capacity of a combined tile/mole system 
at various stages in its lifespan is difficult to quantify empir-
ically because the integrity of the system cannot be fully as-
sessed without invasive investigations. Furthermore, varia-
bles such as weather, both current and antecedent, the inten-
sity of agricultural production and traffic, and the interac-
tions between these factors impact performance erratically. 
There is a tendency to install tile drainage systems independ-
ent of mole drainage or other supplementary measures in 
fine soils. The limitations of this practice need to be quanti-
fied. Numerical simulations of such systems would allow the 
effects on performance of variations in system design and 
variations in the integrity of the mole channel and related 
fissuring to be quantified in a controlled manner. 

Finite element modeling (FEM) is a numerical method 
used to analyze any physical phenomenon of a solid body, 
such as deformation due to applied stress and fluid flow 
through porous material. Finite element modeling is particu-
larly suited to processes in which the body under investiga-
tion has a complicated shape, complex boundary conditions, 
and heterogeneous material properties; as such, FEM is an 
extremely efficient method for analyzing field drainage sys-
tems. If the input parameters (i.e., soil physical/hydrological 
characteristics and boundary conditions) can be successfully 
obtained and/or measured, then the model can be used to pre-
dict drainage system responses to weather events. The con-
cept is that any soil body can be divided into smaller ele-
ments (called finite elements) of finite dimensions and ho-
mogenous properties. The total soil body is then considered 
a collection of these elements. Any change to the soil body 
is numerically analyzed, element by element, to predict the 
response of the soil body as a whole. Simulation models, in-
cluding MACRO, HYDRUS, and DRAINMOD, have been 
 

used in recent years to simulate water flow in tile-drained 
fields (Larsbro and Jarvis, 2003; Šimůnek et al., 2008; 
Skaggs et al., 2012). Numerical models of drainage systems 
that incorporate tile and mole drains are generally much less 
common, and they are non-existent for Irish soil and climatic 
conditions. Rodgers et al. (2003) used the SEEP/W model 
(GEO-SLOPE, 2012b) to assess mole drainage inde-
pendently, using Irish-specific input data, to optimize mole 
drain spacing, compare model output with data measured in 
the field, and improve understanding of mole drain perfor-
mance. They found the primary factors influencing the per-
formance of mole drains to be (1) the spacing at which the 
mole drains are drawn, (2) the hydraulic conductivity of the 
loosened soil and topsoil, and (3) the intensity of rainfall. 
These factors can be presumed to apply universally. Other 
studies have looked at the performance of tile/mole drains in 
tandem using SEEP/W, APSIM-SWIM, and HYDRUS 
(Madvar et al., 2007; Snow et al., 2007; Filipović et al., 
2014). Such models require high-resolution data relating to 
the modeled system in terms of soil characteristics, drainage 
system design (e.g., depth, layout, and material properties), 
and system performance (e.g., soil moisture status, drain dis-
charge, and water table control). The availability of such 
data for this study allows detailed numerical models to be 
established. 

The objectives of this study were to: (1) simulate an ex-
isting combined tile/mole drainage system using SEEP/W 
with data on system geometry, soil physical/hydrological 
characteristics, and assumed boundary conditions; (2) simu-
late the performance of this system during a short-term, 
high-intensity rainfall event and calibrate the model to allow 
observed performance in the field to be replicated by the 
model; (3) validate the model and assess the reliability of 
model outputs relative to observed tile drain discharge data 
collected over a three-month period; and (4) model the in-
stalled system and a range of alternative system designs, in-
cluding a tile-only system and combined mole/tile systems 
of varying integrity, under a range of rainfall event scenarios 
to assess their performance. 

(a) (b) 

Figure 1. Cross-sections of (a) mole drain channel and (b) tile drain with stone aggregate backfill and intersecting mole drain. 
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MATERIALS AND METHODS 
SEEP/W MODELING SOFTWARE 

The flow of water through a variably saturated soil into 
field drains is described by the two-dimensional Richards 
equation (Richards, 1931): 
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where θ is the volumetric moisture content (m3 m-3), t is the 
time (s), K(x) is the hydraulic conductivity in the x-direction 
[horizontal direction] (m s-1), K(y) is the hydraulic conduc-
tivity in the y-direction [vertical direction] (m s-1), H is the 
hydraulic head (m), and q is the applied boundary flux, e.g., 
rainfall (m s-1). The FEM software package SEEP/W, devel-
oped by GEO-SLOPE (2012a), can model flow into drains 
using equation 1 (GEO-SLOPE, 2012b) and was used in this 
study. SEEP/W comprises three separate modules (DEFINE, 
SOLVE, and CONTOUR) that allow the soil elements and 
drainage system to be defined, solved, and viewed graph-
ically. In the DEFINE module, the geometry of the system 
and soil elements is outlined, the material properties are de-
fined, the finite element mesh is generated, and the boundary 
conditions are assigned. The type of analysis is also defined 
and, in the case of transient analyses, the duration and num-
ber of time steps used in the analysis are prescribed. The 
SOLVE module computes hydraulic and pore-water pressure 
heads, flux quantities, and hydraulic gradients at each node 
and time point. The CONTOUR module is used to graph the 
computed results. 

DRAINAGE SYSTEM INPUT PARAMETERS 
The modeled site is a 2 ha permanent grassland field used 

for livestock grazing and silage production in Doonbeg on 
the west coast of Ireland (52° 44′ N, 9° 30′ W). The site has 
a slope of <1%. Soil type at the site has been classified as a 

Humic Groundwater Gley following a full pedological de-
scription of the soil profile (to below the depth of tile drain 
installation). Horizon-specific soil physical and correspond-
ing modeled hydraulic parameters (Schaap et al., 2001) for 
all horizons are presented in table 1. In June 2013, a series 
of tile drains were installed at a depth of 0.9 m and spacing 
of 15 m, comprising 110 mm corrugated PVC pipe and stone 
aggregate (10 to 50 mm grade) backfilled to within 0.2 m of 
the soil surface. Subsequently, mole drains were installed 
perpendicular to these drains using a tractor-drawn mole 
plow (R&M Buckets, Slane, Ireland) at a depth of 0.6 m and 
spacing of 1.4 m. An automated weather station (Campbell 
Scientific, Ltd., Loughborough, U.K.) was installed on site 
and recorded rainfall at 15 min resolution. Average annual 
(30 year) precipitation in the vicinity is 1185 mm (from Met 
Éireann, the Irish National Meteorological Service). Tile 
drain discharge was monitored by end-of-pipe flowmeters 
(Water Technology, Ltd., Togher, Ireland) recording at 
10 min resolution. 

DRAINAGE SYSTEM MODEL 
The system was modeled in SEEP/W as a two-dimen-

sional domain, with a width of 230 m (two full drain spac-
ings + 100 m on each side) and a soil profile depth of 1.4 m 
(fig. 2). The subsoil is practically impervious below this 
depth, as observed during a pedological survey of the site. 
The following boundary conditions were employed: a con-
stant head (m) corresponding with a 0.9 m water table depth 
(the invert level of tile drains) was applied to the left and 
right boundaries. The lower boundary at 1.4 m was assigned 
as a no-flow boundary, while an applied flux equivalent to 
the rainfall rate could be applied on a central 15 m wide band 
on the upper boundary to model rainfall input to the catch-
ment of one tile drain. The tile drain centered in the model 
domain was assigned as a potential seepage face to allow 
water out of the domain under appropriate conditions. The 
soil profile was split into four horizons (table 1). The mod-

 

Figure 2. Cross-section of modeled system showing system geometry and boundary conditions (not to scale). 

Table 1. Soil profile, classified as a Humic Groundwater Gley following pedological survey, with soil texture (by sieving and pipette sedimentation
method), density, and modeled hydraulic parameters (Schaap et al., 2001).[a] 

Depth 
(cm) 

Soil 
Layer 

Horizon 
Description 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Dry Density 
(g cm-3) 

θr 
(cm3 cm-3) 

θs 
(cm3 cm-3) 

Ks 
(m s-1) 

0-26 1 Apg 21 45 34 1.11 0.078 0.390 3.52E-07 
26-47 2 Btg 13 49 38 1.23 0.077 0.370 1.75E-07 

47-75[b] 3 Cg1 12 59 29 1.65 0.053 0.288 6.73E-08 
75-140 4 Cg2 23 50 27 - 0.078 0.441 1.47E-06 

[a] θr = residual water content, θs = saturated water content, and Ks = saturated hydraulic conductivity. 
[b] Mole drain channels were installed in this horizon. 
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eled tile drain had a width of 0.1 m at 0.9 m depth, increasing 
to 0.2 m at 0.6 m depth (as dictated by the excavator bucket 
used during tile drain installation) and thereafter to 0.26 m 
depth (the invert level of the topsoil (Apg) layer). The mole 
drain was simulated as a 0.08 m thick horizontal band with 
invert 0.6 m below surface running perpendicular to the tile 
drain. 

MODEL CALIBRATION 
The model was calibrated by simulating an actual rainfall 

event (event A) that occurred over a 112 h (4.67 day) period 
spanning 10 to 15 September 2015. During this period, 
156.4 mm of rainfall was recorded, concentrated on 11 Sep-
tember and the night of 13 September to the morning of 
14 September. 

In the model, properties of the soil layers below the mole 
channel invert were defined using actual soil horizon data 
and thereafter using hydraulic properties derived from pedo-
transfer functions (table 1). Soil regions above the mole 
channel invert were defined in the profile to allow the mate-
rial properties of the soil, as influenced by the action of the 
mole plow, to be adapted. The soil properties could be varied 
to model the improved hydraulic properties of the soil matrix 
brought about by the action of the mole plow during instal-
lation. The tile drain was assigned a high saturated hydraulic 
conductivity value (Ks = 10 m s-1) to simulate the hydraulic 
properties of gravel, while the mole drain was assigned a Ks 
of 0.001 m s-1. 

Initially, a steady-state analysis of the domain, not sub-
jected to rainfall, was used to establish initial conditions for 
the transient-state analysis. In the transient-state analysis, 
448 (15 min) time steps were used over the 112 h period, and 
rainfall was input to a central 15 m wide band on the upper 
boundary of the model as water unit flux versus time at a 15 
min resolution. Quarter-hourly rainfall rates (mm) were 
transformed into m s-1 rates. For example, 1.8 mm recorded 
from 15:15 to 15:30 on September 11 was input as 2 × 10-6 
m s-1 over the time 76,500 to 77,400 s. Analyses were run 
with a range of values assigned for Ks above the mole chan-
nel until the drain discharge results in the model output were 
close to the observed field results. The resulting modeled 
drainage system is referred to as system 1, with soil Ks above 
the mole channel of 1.54 × 10-5 m s-1 (table 2). 

MODEL VALIDATION AND PERFORMANCE 
A dataset spanning a three-month period from 1 October 

to 31 December 2015 (event B) was used to validate the 
model formulated. For the analysis, 92 (1 day) time steps 
were used over the 92-day period, and daily rainfall was in-

put to a central 15 m wide band on the upper boundary of the 
model as water unit flux versus time. Daily rainfall rates 
were transformed into m s-1 rates. Three statistical measures 
were used to calculate the differences between modeled and 
observed variables and evaluate the performance of the 
model (Nash and Sutcliffe, 1970; Willmott, 1982; Helweig 
et al., 2002; Wang et al., 2006; Moriasi et al., 2015): 

Coefficient of mass residual (CRM): 
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Model efficiency (ME): 

 
( ) ( )

( )


=

==

−

−−−
=

N

i ii

N

i ii
N

i ii

OO

OMOO

1
2

1
2

1
2

ME  (4) 

where N is the total number of observations, Oi is the ith ob-
served value, Mi is the ith modeled value, and O is the mean 
of the observed values (i = 1 to N). A negative value of CRM 
(eq. 2) shows the model’s tendency for under-prediction, 
while a positive value shows over-prediction. The IoA 
(eq. 3) measures the agreement between the modeled and ob-
served daily subsurface drainage (Willmott, 1982): the 
closer IoA is to 1.00, the better the agreement between mod-
eled and observed subsurface drainage. The ME (Nash and 
Sutcliffe, 1970) evaluates the error relative to the natural var-
iation of the observed values and varies from -∞ to 1.00 
(eq. 4). Values of 0.50 ≤ ME ≤ 1.00 are considered accepta-
ble (Helweig et al., 2002; Wang et al., 2006). 

The reliability of model output was also judged through 
graphical presentations of the modeled and observed subsur-
face drainage discharge. These measures were also applied 
to the calibration dataset to evaluate the relationship between 
modeled and observed values; in this case, the data were 
evaluated in 30 min time steps. 

MODELED ALTERNATIVE SYSTEMS 
Three alternative drainage systems were evaluated under 

the conditions of both rainfall events, i.e., the calibration 
event (event A, 10-15 September 2015) and the validation 

Table 2. Profile depths in SEEP/W model and assigned saturated hydraulic conductivity values (Ks) for modeled drainage systems.[a] 
Depth 
(cm) Element 

Ks (m s-1) 
System 1 System 2 System 3 System 4 

0-26 Horizon 1 1.54E-05 3.52E-07 1.54E-06 1.54E-04 
26-47 Horizon 2 1.54E-05 1.75E-07 1.54E-06 1.54E-04 
47-52 Horizon 3 1.54E-05 6.73E-08 1.54E-06 1.54E-04 
52-60 Mole channel/Horizon 3 1.00E-03 6.73E-08 1.00E-04 1.00E-02 
60-75 Horizon 3 6.73E-08 6.73E-08 6.73E-08 6.73E-08 
75-140 Horizon 4 1.47E-06 1.47E-06 1.47E-06 1.47E-06 

- Tile drain 10 10 10 10 
[a] Values in bold text were derived by pedotransfer (Schaap et al., 2001) from measured soil physical data. The values of elements influenced by the

installation of mole channels (0-60 cm) were assigned during model calibration (system 1) or derived from system 1 values (systems 3 and 4). 
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event (event B, 1 October to 31 December 2015). System 2 
(table 2) consists of tile drains only, with no mole drains, to 
assess the value of mole drains in the overall performance of 
the system. Systems 3 and 4 (table 2) are similar to system 1 
except soil Ks above the mole channel has been set at 1.54 × 
10-6 and 1.54 × 10-4 m s-1, respectively, equivalent to the cal-
ibrated Ks above the mole channel value in system 1 divided 
or multiplied by a factor of 10. These systems mimic a re-
duction in the effectiveness of mole drainage due to poor in-
stallation/installation conditions, or deterioration over time 
(system 3) and increased effectiveness due to increased ini-
tial disturbance and greater soil fissuring (system 4). 

HYPOTHETICAL RAINFALL EVENTS 
Furthermore, simulations were carried out for two hypo-

thetical rainfall event scenarios to establish the relative per-
formance of each system. In the “fixed rainfall” scenario 
(event C), a rainfall rate of 2 mm h-1 was applied to all sys-
tems for 50 h. In the “historical rainfall” scenario (event D), 
the annual (30 year) average daily values (taken as the aver-
age monthly totals divided by the number of days per month) 
was applied to all systems. 

STATISTICAL ANALYSIS 
Multiple comparisons between drainage systems in terms 

of drain discharge and water table (WT) depth were made 
using the PROC GLM procedure in SAS version 9.1.3 (SAS, 
2006). 

RESULTS AND DISCUSSION 
MODEL CALIBRATION 

The SEEP/W model was calibrated by comparing mod-
eled discharge estimations with observed discharge data 
from the installed drainage system (system 1) during event A 
and adjusting the effective soil Ks to obtain modeled results 
reflective of the field observations. Modeled and observed 

drain discharges from system 1 during event A are presented 
in figure 3. The major discrepancies between observed and 
modeled discharge during the calibration event occurred 
during approximately the first 18 h of the event. The model 
reacted to the initial rainfall during this period, while in re-
ality there was a delayed response to the start of rainfall. The 
event was preceded by nine rain-free days, which would 
have impacted the soil moisture such that a certain level of 
wetting would be likely before a significant discharge re-
sponse. The model did not reflect this reality. Modeled peak 
and average drain discharges were, respectively, 12% higher 
and 6% lower than observed discharges, with CRM, IoA, 
and ME of -0.06, 0.89, and 0.54, respectively (table 3). In 
appraising these model performance evaluations, note that 
there is an inherent potential for discrepancies between ob-
served and modeled discharges due to in situ variations be-
tween soil horizons, which may vary spatially in their phys-
ical parameters, and the assumed homogeneity of the mod-
eled soil horizons due to their systematic formulation. 

MODEL VALIDATION 
The SEEP/W model would be expected to perform well 

in the calibration period because the inputs were adjusted to 
obtain optimal agreement between the modeled and ob-

Figure 3. Tile drain discharge from SEEP/W analysis and observed field measurements in system 1 during event A (calibration). 

Table 3. Comparison of observed and modeled tile drain discharge 
performance parameters and statistical performance indicators for 
system 1 during events A and B. 
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Observed 3.66E-03 4.59E-04 186.08 
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served tile drain discharge during event A. Therefore, the 
model of system 1 was validated by comparing the modeled 
and observed daily tile drain discharge data during the period 
from 1 October to 31 December 2015 (event B). The mod-
eled and observed tile drain discharges from system 1 during 
event B are presented in figure 4. 

Table 3 presents performance parameters of the modeled 
and observed discharges for system 1 during events A and B 
along with statistical performance parameters. For the vali-
dation period (event B), the CRM was 0.12, the IoA was 
0.94, and the ME was 0.74, showing good agreement be-
tween the modeled and observed daily subsurface drainage 
from the combined tile/mole system. The model offered 
valid predictions of tile drain discharge for this period. Mod-
eled and observed daily tile drain discharges during event B 
are plotted against each other in figure 5. The data are plotted 
at 1:1, with a correlation coefficient (R2) of 0.811. The 
SEEP/W model offered reliable predictions of drain dis-
charge from the combined mole drain/tile drainage system. 
As such, it offers a reliable method for assessing variations 
in system design on this site and similar sites. 

ALTERNATIVE DRAINAGE SYSTEM PERFORMANCE 
Model estimates of the performance of alternative drain-

age systems were compared (table 4). Sharp contrasts were 
evident between drainage systems. System 2 consistently 
had the lowest peak, average, and total discharge, while sys-
tems 1 and 4 were the best performing systems. The perfor-
mance of system 3 was comparable to that of system 2 dur-
ing high-intensity rainfall events A and C, where its capacity 
was clearly exceeded, but performed relatively well during 
lower-intensity rainfall events B and D (during events A 
through D, the mean rainfall intensity was 1.40, 0.23, 2.00, 
and 0.14 mm h-1, respectively, while peak rainfall intensity 
was 15.20, 1.78, 2.00, and 0.18 mm h-1, respectively). Dis-
charge hydrographs and cumulative discharge plots during 
event A are presented in figures 6 and 7. Water table depth 
at 7.5 m from the tile drain center (midway between adjacent 
drains) was also estimated by the SEEP/W model. While 
systems 1 and 4 could control WT depth at approximately 
the tile drain invert level (0.90 m below ground level), sys-
tems 2 and 3 did not (fig. 8). During each event modeled, the 
depth to the WT varied widely between the ground surface 
and the tile invert level. 

A performance metric (T45) was applied to model output 
data to quantify WT control, with the proportion of time 
when the WT was within 0.45 m of the surface calculated 
(table 4). This depth was selected because Brereton and 
Hope-Cawdery (1988) showed that grass production on a 
poorly drained soil is limited until the WT depth reaches ap-
proximately 0.45 m. The T45 metric emphasizes the poor 
performance of system 2 across events (average T45 of 
75.2%) relative to 1.8%, 38.0%, and 0.0% for systems 1, 3, 
and 4, respectively. The installation of tile drains alone at 
such spacings does not offer sufficient discharge capacity. If 
the spacing were reduced beyond this level, the installation 
of tile drains would become uneconomical for grassland pro-
duction (Teagasc, 2013). Shallow soil horizons are heavy 
textured and structureless, which prevents rapid inflow of 

Figure 5. Modeled versus observed daily tile drain discharge (m3 s-1) 
from system 1 during event B (validation). 

Figure 4. Daily tile drain discharge from SEEP/W analysis and observed field measurements in system 1 during event B (validation). 
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excess water to drains or rapid drawdown of the water table. 
The addition of mole drains thereby provides an effective 
shallow drainage system at an economic cost (Galvin, 1978; 
Maticic and Steinman, 2007). The performance of the com-
bined tile/mole drainage systems reflected the variations in 
Ks of the material above the mole drain channel. The greater 
the improvement in soil Ks, brought about during mole chan-
nel installation, the better the long-term system capacity and 
performance will be. 

 

IMPLICATIONS 
The SEEP/W software offers reasonable predictions of 

the behavior of combined tile/mole drainage systems. Fur-
ther work will be required to assess the applicability of the 
software to a wider range of the drainage systems and soil 
types prevalent in Ireland. It is anticipated that the software 
can be calibrated for these variations and used for other 
drainage system scenarios. Such a tool could provide deci-
sion support in the drainage system design process and as-
sess the implications of design variations on cost, expected 

(a) System 1 (b) System 2 

(c) System 3 (d) System 4 

Figure 6. Modeled tile drain discharge for systems 1 through 4 during event A. 

Table 4. Modeled performance of drainage systems during rainfall events.[a] 

 Event System 1 System 2 System 3 System 4 SEM 
Peak discharge A 4.05E-03 1.10E-04 9.13E-04 4.95E-03 

(m³ s-1) B 5.81E-04 9.60E-05 4.54E-04 5.81E-04 

 C 6.52E-04 9.96E-05 4.78E-04 6.52E-04 

 D 5.81E-05 4.52E-05 5.81E-05 5.81E-05 
Average discharge A 4.31 × 10-4 a 4.18 × 10-5 c 2.15 × 10-4 b 4.51 × 10-4 a 1.49 × 10-5 

(m³ s-1) B 7.62 × 10-5 a 3.41 × 10-5 b 7.34 × 10-5 a 7.62 × 10-5 a 4.68 × 10-6 

 C 6.39 × 10-4 a 9.77 × 10-5 c 4.69 × 10-4 b 6.39 × 10-4 a 1.63 × 10-5 

 D 5.71 × 10-5 a 4.49 × 10-5 b 5.70 × 10-5 a 5.71 × 10-5 a 2.58 × 10-7 
Total discharge A 174.7 16.9 86.8 181.8 

(m³) B 605.4 271.0 583.4 605.4 

 C 115.0 17.6 84.4 115.0 

 D 1794.3 1410.9 1792.5 1794.5 
Average water table depth A 0.78 b 0.50 c 0.54 c 0.89 a 0.009 

(m) B 0.88 a 0.36 c 0.73 b 0.90 a 0.016 

 C 0.73 b 0.02 c 0.02 c 0.88 a 0.029 

 D 0.89 b 0.07 d 0.79 c 0.90 a 0.009 
T45 A 7.3% 44.1% 44.1% 0.0% 

(Proportion of time with B 0.0% 59.1% 9.7% 0.0% 
water table depth ≤ 0.45 m) C 0.0% 98.0% 98.0% 0.0% 

 D 0.0% 99.5% 0.0% 0.0% 
[a] Means followed by the same letters are not significantly different at the 0.05 level. 
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performance, and likely returns to the landowner by estimat-
ing seasonal variation in drainage discharge and water table 
position. With appropriate soil profile characterization and 
suitable field data, whole-farm appraisals could be carried 
out to prescribe appropriate drainage designs and priority ar-
eas for drainage installation in light of the technical feasibil-
ity and cost estimations provided by an appropriately cali-
brated model. Future work should also quantify the implica-
tions of drainage efficiency on grassland productivity and 

trafficability to allow effects of alterations in drainage design 
to be estimated in terms of potential benefits and return on 
investments. 

Once established, such models may also be used to assess 
the implications of climate change on drainage system de-
sign and performance. In recent years, analyses have shown 
a clear trend toward increased precipitation in Ireland 
(Walsh, 2012a, 2012b). Furthermore, it is predicted that a 
substantial increase in short-term extreme rainfall events and 

Figure 7. Modeled cumulative tile drain discharge during event A. 
 

Figure 8. Modeled water table depth 7.5 m from tile drain center (mid-drain spacing) for systems 1 through 4 during event B. 
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much seasonal variability in rainfall is likely (Nolan et al., 
2013). Therefore, the design of drainage systems will need 
to be adapted for these climate changes. Software models 
could be used to assess the magnitude of these adaptations 
and the implications of these changes from an economic 
standpoint. 

CONCLUSIONS 
The SEEP/W software was shown to allow the formula-

tion of an appropriate model of the drainage system in ques-
tion and offer reliable predictions of tile drain discharge of 
the combined tile/mole drainage system when compared 
with observed drain discharge during a short-term (~5 day) 
rainfall event. The performance of the model was validated 
against a longer-term (92 day) event and was shown to offer 
valid predictions of tile drain discharge for this period. The 
model therefore offers a reliable method for assessing the 
design variations of such systems. The modeling of alterna-
tive system designs showed much variation in system per-
formance. The poor performance of the tile-only system 
showed the limitations of such systems in fine-textured, im-
permeable soils. Many farmers persist in installing tile-only 
systems in inappropriate conditions. The tile-only system 
failed to control the water table, as evidenced by its rela-
tively high T45 value. In such conditions, there will be a con-
sequent loss in agricultural productivity and trafficability. 
The relative performance of such systems when compared to 
the combined tile/mole drainage systems in this study should 
provide further support for the use of mole drainage and sim-
ilar supplementary measures in the drainage of poorly per-
meable soils. The performance of combined tile/mole drain-
age systems reflected the variations in Ks of the material 
above the mole drain channel. The greater the improvement 
in soil Ks brought about during mole channel installation, the 
better the long-term system capacity and performance will 
be. As the installation cost of mole drainage is low (€125 to 
€300 ha-1; Tuohy et al., 2016), the process should be repeated 
regularly (at 2 to 5 year intervals) to maintain channel integ-
rity and optimize overall system performance. Maximum 
soil fissuring and cracking must be promoted during mole 
drain installation. 
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