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ABSTRACT: The behaviour of initially unsaturated soil–geocomposite layers in slopes subject to

infiltration is investigated using numerical experiments. The post-infiltration performance is also

studied. A series of transient finite element analyses of soil–geocomposite layers is conducted for

a variety of soils, slopes and infiltration rates. The influence of these variables on the effectiveness

of geocomposites as a drainage material and as a capillary barrier is discussed. The effect of

entrapped air within a geotextile is also examined. This study shows that the geocomposite drains

more water with a decrease in slope angle and an increase in infiltration rate (i.e. the

geocomposite works as a capillary barrier for smaller infiltration rates and steeper slope of the

soil–geocomposite layers). It is also shown that the soil immediately above the geocomposite

becomes wet before the geocomposite starts draining water, and it remains wet for a relatively long

period of time after the infiltration event.
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1. INTRODUCTION

Drainage geocomposites have been widely used for sub-

surface drainage in many soil structures, such as embank-

ments, retaining walls, pavements and landfills. Because

they are cost-effective and easy to construct, they have

replaced conventional geomaterials in many drainage

applications. Typical drainage geocomposites have a poly-

meric core for in-plane flow, encased in other geosynthetic

materials.

Kamon et al. (2001) built three embankments with high

water content fine soil using a variety of geocomposites. It

was found that the geocomposites effectively drained the

water expelled from the fine soil due to consolidation, and

consequently the shear strength of the fine soil increased,

allowing the embankments to be constructed successfully.

McKean and Inouye (2001) reported two successful

field cases using geocomposites to prevent the water table

from rising as a result of rainfall. In the first case, a

geocomposite was embedded vertically beside a pavement.

The water table below the pavement was kept low despite

a rise in the water table outside the pavement during

periods of heavy rainfall. Monitoring indicated that this

geocomposite performed successfully for three years. In

the second case, a geocomposite was placed at an angle

behind a retaining wall. The water flowing from behind

the retaining wall was intercepted by the geocomposite so

that the water was not allowed to enter the backfill of the

retaining wall. This geocomposite was reported to have

performed successfully for a period of 14 years.

The above examples illustrate the effectiveness of

geocomposites for providing drainage under saturated

conditions. However, there are also reports of applications

where geocomposites have acted as barriers to moisture

movement. For example, Stormont (1998) experimentally

studied the effectiveness of geocomposites made from a

variety of nonwoven geotextiles wrapping a geonet for

subsurface drainage under unsaturated conditions. Unlike

the original concept of geocomposites discussed above, in

this study the nonwoven geotextile was considered as a

drainage layer and the geonet was considered a capillary

barrier. The infiltrated water entered the geotextile layer

and drained through it, but water was not intended to enter

the capillary barrier (geonet). Artificial rainfall was

applied to a soil slope 3 m long and 0.45 m deep contain-

ing a geocomposite layer in the middle, for a variety of

inclinations and infiltration rates. It was reported that the
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geocomposite provided lateral drainage through the upper

geotextile while acting as a moisture (capillary) barrier to

the vertical movement of moisture for some cases. In other

cases the system failed to act as a moisture barrier and

water broke through the geocomposite layer and entered

the underlying soil. As a second example, Henry and

Holtz (2001) experimentally examined the use of geocom-

posites (nonwoven geotextiles/geonet) as a capillary bar-

rier to prevent upward moisture migration causing frost

heave in soil. It was found that the geocomposites reduced

the frost heave in some cases.

Capillary barriers have been proposed as an alternative

cover for domestic, mining and radioactive waste

(Bussiere et al. 1998). The barrier generally consists of a

fine-grained soil layer overlying a coarser-grained soil

layer (Bonaparte and Yanful 2001). The barrier is designed

to limit infiltration through the cover because of the

contrast in the hydraulic characteristics of fine and coarse

soils. The coarse-grained soil has smaller water entry

values and a steeper hydraulic conductivity function (the

relationship between hydraulic conductivity and suction).

As shown schematically in Figure 1, the wetting front

advances in the fine soil (upper layer). As the suction in

this layer is often greater than the water entry value of the

coarse soil (lower layer), the wetting front halts at the

interface between the fine and coarse soils. While the

wetting front is prevented from moving into the coarse

soil, the water flows laterally downslope along the inter-

face. The diverted flow increases with distance because of

additional infiltration, and water starts entering the coarse

soil layer when the pore pressure reaches the water entry

value of the underlying coarse soil layer (Ross 1990).

The infiltration into sloped multiple soil layers de-

scribed above has been investigated experimentally and

numerically. Miyazaki (1988) conducted a series of ex-

periments on infiltration into a sandy loam slope contain-

ing a thin gravel layer. It was observed that the

advancement of the wetting front halted immediately

above the gravel layer, and flow occurred along the

interface between the sandy loam and the gravel. Bussiere

et al. (2003) investigated the performance of a cover

system consisting of multiple soil layers; they conducted a

series of laboratory tests, field tests and numerical simula-

tions. Based on the investigations, an equation was

proposed to estimate the performance of sloping covers to

limit oxygen migration through barriers. Morris and

Stormont (1998) numerically simulated the field tests on

two types of capillary barrier subject to infiltration. The

first barrier consisted of a fine soil layer overlying a

gravel layer, and the second barrier consisted of alternate

sand and clay layers overlying a gravel layer. The

numerical simulation, using the finite difference tech-

nique, reproduced the observed performances of both

systems.

Iryo and Rowe (2003) examined the published data

relating to the hydraulic behaviour of geotextiles, and

concluded that the relationship between suction and

hydraulic conductivity is steeper and the water entry value

is smaller for geotextiles than for most types of soil. This

implies that geotextiles may behave like coarse materials

(such as gravel) and work as drainage material under

saturated conditions but act to retard drainage under

unsaturated conditions.

Despite the intensive study of infiltration into multiple

soil layers and the similarity of hydraulic characteristics

between coarse materials and geotextiles (a component of

geocomposites), study of the performance of slopes

containing soil–geocomposite layers is quite limited, and

more study is needed to provide the insights necessary to

allow more effective and appropriate use of geocompo-

sites.

Building on the work described above, the objective of

this paper is to use numerical experiments to investigate

the behaviour of initially unsaturated soil–geocomposite

systems subject to infiltration. First, a series of transient

analyses is conducted to study infiltration into sand–

geocomposite layers with various slopes and infiltration

rates. The hydraulic conductivity of soil at saturation,

ksat soil, is higher than the highest infiltration rate, q, for

this series. Second, the effect of air entrapped within a

geotextile during infiltration is investigated, with two

additional transient analyses on the sand–geocomposite

system. Third, a transient analysis is conducted on infiltra-

tion into a loam–geocomposite slope to investigate the

case where the infiltration rate exceeds the saturated

hydraulic conductivity of the soil (ksat soil , q). Finally, the

drainage of the loam–geocomposite layer after the infil-

tration period has finished is examined using a transient

analysis.

2. OUTLINE OF NUMERICAL
EXPERIMENTS

2.1. Modeling soil–geocomposite layers

Numerical experiments were conducted to examine the

hydraulic behaviour of soil–geocomposite layers in re-

sponse to infiltration from the top soil surface into

relatively shallow soil slopes containing a geocomposite

layer. The response near the boundary between the soil

and the geocomposite is of particular interest in this study.

The geocomposite examined is assumed to consist of a

geonet with nonwoven geotextiles on the uppermost side.

Because of its high transmissivity and very open structure,

the geonet is considered to have zero pressure head (i.e.

atmospheric pressure) as its water entry value for the

purpose of flow modeling. Thus water does not enter the
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Figure 1. Schematic of flow diversion at interface between

fine and coarse soil layers in slope
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geonet from the geotextile until the pore pressure at the

interface between the geonet and the geotextile becomes

atmospheric. A soil layer 5 m long and 0.3 m deep

overlying a 3 mm thick geotextile was explicitly modeled

using finite elements (Figure 2). The underlying geonet

was modeled as a boundary condition along the bottom of

the geotextile layer: zero flux while the pore pressure was

negative, and atmospheric pressure otherwise.

2.2. Cases examined

The numerical experiments were conducted for a variety

of soils, slopes and infiltration rates (Table 1). The

transient analyses of nine cases (Cases 1 to 9) were

conducted to assess the general behaviour of the soil–

geocomposite layers with a variety of slope angles, �, and
infiltration rates, q. A transient analysis (Case 10) was

conducted to examine infiltration into a loam–geocompo-

site system and the subsequent drainage process. Two

transient analyses were conducted to consider entrapped

air within the geotextile (Cases 11 and 12). The soil with

saturated hydraulic conductivity ksat ¼ 1.0 3 10�4 m/s

represented sand, and the soil with ksat ¼ 1.0 3 10�6 m/s

represented loam. Three infiltration rates, q ¼ 1, 10 and

100 mm/h, were applied to the sand. A pressure head hp ¼
0.01 m was applied to the loam to simulate a head due to

water flow on the slope surface, as the infiltration rates of

10 and 100 mm/h are greater than ksat for loam. The

pressure head condition represented heavy rainfall and

water running down the surface. Slopes, �, of 2.5%, 5%

and 10% were investigated.

2.3. Numerical procedure

The governing equation for transient water flow within an

unsaturated porous medium is given as follows for a two-

dimensional homogeneous anisotropic material:
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Figure 2. Soil–geocomposite layers modeled

Table 1. Cases examined

� (%) q

100 mm/h

(2.78 3 10�5 m/s)

10 mm/h

(2.78 3 10�6 m/s)

1 mm/h

(2.78 3 10�7 m/s)

Sand

ksat ¼ 1.0 3 10�4 m/s

2.5 Case 1 Case 4 Case 7

5 Case 2 Case 5 Case 8

Case 11(b)

Case 12(b)

10 Case 3 Case 6 Case 9

Loam

ksat ¼ 1.0 3 10�6 m/s

5 Case 10(a)

(hp ¼ 0.01 m)

(a)Transient analysis was conducted for infiltration and post-infiltration period.
(b)Entrapped air was assumed to occupy 20% of void within geotextile at suction ¼ 0 kPa for Case 11,

and 60% for Case 12.
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kx
@2h

@x2
þ k y

@2h

@ y2
¼ @Ł

@ t
¼ mwªw

@h

@ t
(1)

where h is the total hydraulic head, kx and ky are the

unsaturated hydraulic conductivities in the x-direction and

y-direction respectively, mw is the coefficient of water

volume change (slope of the water characteristic curve),

ªw is the unit weight of water, Ł is the volumetric water

content, and t is time.

The parameters mw, kx and k y are material specific, and

are defined as functions of pore pressure. Among the

equations suggested to approximate the functions (e.g.

Brooks and Corey 1964; van Genuchten 1980), the van

Genuchten–Mualem equations (van Genuchten 1980) have

been found to be applicable for a wide range of soils.

Additionally, Iryo and Rowe (2003, 2004) concluded that

there is considerable evidence to suggest that they are also

applicable to nonwoven geotextiles. Thus the van Genuch-

ten–Mualem equations were employed to approximate the

water characteristic curves and the hydraulic conductivity

functions for both the soils and the nonwoven geotextile

examined.

Using the van Genuchten–Mualem equations with the

assumption of m ¼ 1 � 1/n, the water characteristic curve

and the hydraulic conductivity function are given as

follows:

¨ ¼ Ł� Łr
Łs � Łr

¼ 1

1þ Æ
s

ªw

� �n

2
64

3
75

m

(2)

kr ¨ð Þ ¼ k(¨)

ksat
¼ ¨1=2 1� 1�¨1=mð Þm

� �2
(3)

where ¨ is the normalized water content; Łs is the

saturated water content; Łr is the residual water content; s

is the suction; kr is the relative hydraulic conductivity;

k(¨) is the hydraulic conductivity at a given ¨; ksat is the

saturated hydraulic conductivity; and Æ, n, m are fitting

parameters.

The drying phase parameters of the van Genuchten–

Mualem equations for sand and loam were deduced from

Schaap and Leij (1998). Kool and Parker (1987) reported

that one of the van Genuchten parameters in the wetting

phase, Æw
, can be approximated by that for the dry phase,

Æd, multiplied by 2 (i.e. Æw ¼ 2Æd), while another

parameter, n, remains the same. Thus the Æ value reported

by Schaap and Leij (1998) was doubled and used for the

numerical study, except for the transient analysis for Case

10, when drainage was considered to be in process (see

Table 2).

Several properties of the nonwoven geotextile, such as

Łs and the saturated hydraulic conductivities for both the

in-plane and cross-plane directions, were provided from

the reported values for a nonwoven geotextile used for the

embankment test conducted by the Japanese Public Works

Research Institute (PWRI et al. 1988). The other para-

meters required to model the nonwoven geotextiles using

the van Genuchten–Mualem equations were taken to be

typical values based on published data compiled by Iryo

and Rowe (2003), and are given in Table 3. For the

nonwoven geotextile during wetting, it was also assumed

that Æw was equal to 2Æd, while the parameter n remained

the same. The typical value for Æw was given by Iryo and

Rowe (2003). The water characteristic curves and the

hydraulic conductivity functions for the soils and the

nonwoven geotextile are shown in Figures 3a and 3b

respectively.

Equation 1 was solved numerically using the finite

Table 2. Basic properties and van Genuchten parameters assumed for soils examined

Parameter Sand Loam

Saturated volumetric water content, Łs(a) 0.38 0.40

Residual volumetric water content, Łr(a) 0.05 0.06

Saturated hydraulic conductivity, ksat soil (m/s) 1.0 3 10�4 1.0 3 10�6

van Genuchten parameter, Æ9 (kPa�1) 0.72(a) Æ9w ¼ 0.22(a)

Æ9d ¼ 0.11(b)

van Genuchten parameter, n(a) 3.16 1.47

(a)Deduced from Schaap and Leij (1998).
(b)For Case 10 drainage process.

Table 3. Basic properties and van Genuchten parameters for the nonwoven geotextile

examined

Parameter Values

Saturated volumetric water content, Łs(a) 0.92

Residual volumetric water content, Łr(a) 0.00

Thickness, tgeotextile (mm)(a) 3.0

Saturated hydraulic conductivity in plane direction, ksat geotextile plane (m/s)(a) 2.3 3 10�2

Saturated hydraulic conductivity cross-plane direction, ksat geotextile cross (m/s)(a) 3.5 3 10�3

van Genuchten parameter, Æ9 (kPa�1)(b) 3.00 (for wetting)

1.50 (for drying)(c)

van Genuchten parameter, n(b) 3.00

(a)PWRI et al. (1988).
(b)Iryo and Rowe (2003).
(c)For Case 10 drainage process.
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element method and the computer program SEEP/W Ver.5

(GEO-SLOPE International Ltd 2001). In the finite ele-

ment representation of Equation 1, the capacitance matrix

(which represents the capacity for water storage) is estab-

lished using a lumped formulation in order to obtain stable

numerical solutions for the transient analysis (Ju and Kung

1997). A series of numerical experiments with different

mesh configurations and time steps was conducted to

establish a suitable numerical scheme. Based on this study,

the soil and the geotextile were modeled with 18,500

linear quadrilateral elements. The dimension of the quad-

rilateral element for soils was 1 cm 3 1 cm in general.

Finer elements were placed at the top of the soil layer and

immediately above the geotextile. The 3 mm thick non-

woven geotextile was modeled with three linear quadri-

lateral elements across the thickness of the geotextile

(Figure 2).

The boundary condition for the downslope vertical edge

of the slope was the same as that applied to the bottom of

the geotextile layer. This is representative of the situation

where the lower end of the slope is in contact with a

material having large pores, such as a gabion. The

boundary condition for the upslope vertical edge of the

slope was specified as a no-flux condition, to correspond

to a line of symmetry.

The initial condition for the cases of sand–geocompo-

site layers was the uniform distribution of a pore pressure

of �8.2 kPa over the layers, which represents the pore

pressure corresponding to the residual water content of

sand. Similarly, for the case of loam–geocomposite layers,

a uniform distribution of pore pressure of �28.5 kPa was

specified, which represents the pore pressure correspond-

ing to the degree of saturation of 50% for the loam layer.

The loam layer was assumed to be wetter than the sand

layer.

For the loam–geocomposite layers system (Case 10),

the numerical experiment for the infiltration process was

conducted first, followed by the draining process. During

the draining process, the boundary condition at the top

soil surface was specified as a no-flux condition. The time

increment was varied between 1 and 60 s for the infiltra-

tion process, and between 10 and 600 s for the draining

process.

3. RESULTS AND DISCUSSION

3.1. Performance of sand–geocomposite slope layers

(ksat soil > q)

3.1.1. Development of infiltration into sand–

geocomposite slope layers

The results for Case 5 (� ¼ 5%, q ¼ 10 mm/h) are shown

in Figure 4 to discuss typical behaviour of sand–geocom-

posite slope layers subject to infiltration. The results are

presented in terms of volumetric water content profile and

pore pressure profile, flow in the geotextile, flow in the

geonet, and the pore pressure distribution at steady state.

The profiles (Figures 4a and 4b) show that the volumetric

water content and the pore pressure increased with ad-

vance of the wetting front, but remained unsaturated

because ksat sand was larger than q. The wetting front

reached the bottom of the sand layer about 3 h after

infiltration was initiated.

The flow within the geotextile did not occur as soon as

the wetting front reached the interface between the sand

and the geotextile (Figure 4c). Rather, flow started when

the pore pressure immediately above the geocomposite

exceeded the water entry value of the geotextile (approxi-

mately �1 kPa: see Figure 4b) By this time, the sand

immediately above the geocomposite was nearly saturated.

Thus the advance of the wetting front was halted at the

interface between the sand and the geotextile, owing to

their different water characteristics (e.g. Iryo and Rowe

2004). While the wetting front was halted at the geotextile,

water was diverted at the interface and flowed downslope

immediately above the geotextile, as illustrated in Figure

5. Once started, the flow within the geotextile increased

until it reached the maxim lateral flow capacity of the

geotextile, and then became constant at the lower end of

the slope. The maximum lateral flow capacity for the

geotextile corresponds to the saturated transmissivity
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Figure 3. Hydraulic properties for soils and nonwoven

geotextile: (a) water characteristic curves; (b) hydraulic

conductivity functions
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multiplied by the hydraulic gradient in the geotextile (the

slope, �, in this case).

Flow into the geonet started at the lower end of the

slope once flow within the geotextile reached its maxi-

mum capacity and the pore pressure at the bottom of the

geotextile reached atmospheric pressure (0 kPa). With

time, the zone where there was flow into the geonet

extended toward the upper part of the slope. The flow in

the geonet increased until it reached steady state 8.3 h

after the infiltration began. Owing to the downward flow

within the geotextile, the lower part of the slope collected

water and became wet earlier than the upper part of the

slope. At steady state the pore pressure increased with

depth, and contour lines were mostly parallel to the slope

and increased with depth. The contour line of 0 kPa

extended along the bottom of the geotextile started at a

horizontal distance x ¼ 0.55 m (from the top of the slope)

and extended to the lower end of the slope.

The iterative solution to the governing equation con-

verged well throughout the analysis. Furthermore, the
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Figure 4. Development of infiltration into sand (Case 5: q < ksat soil): (a) volumetric water content profile; (b) pore pressure

profile; (c) flow in geotextile; (d) flow in geonet; (e) pore pressure distribution at steady state (8.3 h)
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original hydraulic conductivity functions and calculated

hydraulic conductivities at integration points matched very

well, as shown in Figure 6.

3.1.2. Effect of slope angle

The flows in the geonet at steady state for Cases 4 (� ¼
2.5%, q ¼ 10 mm/h) and 6 (� ¼ 10.0%, q ¼ 10 mm/h)

are shown in Figure 7, along with that for Case 5 to

examine the effect of slope angle on the performance of

sand–geocomposite slope layers. The figure shows that

the zone over which there was flow into the geonet

decreased with increasing slope. In other words, the

steeper slope provided a more extensive capillary barrier.

This arose simply because the maximum lateral flow

capacity increases with higher slope angle, �.

3.1.3. Effect of infiltration rate

The flows in the geonet at steady state for Cases 2 (� ¼
5%, q ¼ 100 mm/h) and 8 (� ¼ 5%, q ¼ 1 mm/h) are

shown in Figure 8, along with that for Case 5 to examine

the effect of infiltration rate. The figure shows that the

flow occurred only at the lower end of the slope for Case

8, whereas it occurred from the bottom-most part of the

geotextile for Case 2. This implies that the flow within the

geotextile did not reach maximum capacity because of

the low infiltration rate for Case 8.

This study has assumed the presence of an impermeable

material (e.g. geomembrane) below the geonet, and hence

all flow entering the geonet continues to flow in the

geonet. Thus, as the total amount of infiltrated water for

100 mm/h cases is 1.39 3 10�4 (m3/s)/m in this applica-

tion, a geonet with a flow capacity at 2.5% gradient of

greater than 1.4 3 10�4 (m3/s)/m would be required to

provide adequate drainage. This is within the typical range

of available products (which have flow capacity between 5

3 10�6 and 2.5 3 10�4 (m3/s)/m at � ¼ 2.5%, based on

Holtz et al. 1997). If there was no impermeable material

beneath the geonet, then the fact that the water entry

values of geotextile and sand are negative would imply

that, once flow into the geonet began, water would also

enter the lower geotextile layer and underlying sand. With

increasing infiltration rate, more water would enter the

geonet, lower geotextile and sand. This may occur whether

or not the infiltration exceeds the in-plane flow capacity

of the geocomposite, and would imply the failure of the

moisture barrier. Although the hydraulic behaviour of an

entire system of soil–geocomposite–soil layers is beyond

the scope of this study, it is an area that deserves

investigation.

3.1.4. Divergence length

As discussed above, water diverts twice for a sand–

geocomposite system during infiltration (Figure 9): first at
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Figure 5. Total head distribution and flow vectors at 4.2 h for

Case 5
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Figure 6. Calculated and original values of hydraulic con-

ductivity at 6.1 h for Case 5
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the sand–geotextile interface and second at the geotex-

tile–geonet interface. This is due to the difference in the

water characteristics of the sand, geotextile and geonet.

The distance from the upper end of the slope to the

point where flow into the geonet begins is defined as the

divergence length, L, in this study, and L for Cases 1 to 9

is shown in Figure 10. L increased linearly with an

increase in slope for the cases with q ¼ 10 mm/h and

100 mm/h. It also increased with a decrease in q (see the

cases for � ¼ 2.5%). This relationship between L, � and q

corresponds to the analytical solution suggested by Ross

(1990). For Cases 8 and 9, flow into the geonet occurred

only at the lower end of the slope.

Based on experimental work on the behaviour of soil–

geocomposite layers subject to rainfall, Stormont (1998)

reported situations where water both did, and did not,

enter the geonet. Both cases were identified in this

numerical study with the entry (or lack thereof) of water

being a function of slope, �, and infiltration rate, q.

3.1.5. Effect of entrapped air

Air may be entrapped within the voids of the geotextile

during infiltration, and this may influence the performance

of the geocomposite. Thus two cases considering air

entrapped within a geotextile were investigated: one with

entrapped air occupying 20% of the voids of the geotextile

(at suction equal to 0 kPa; Case 11), and one with 60%

(Case 12). The entrapped air was considered by modifying

the water characteristic curve and hydraulic conductivity

functions for the geotextile. To obtain the functions with

entrapped air, Łs in Equation 2 was reduced along with the

specified amount of entrapped air. The functions taking

account of the entrapped air are shown in Figure 11. Both

volumetric water content and hydraulic conductivity re-

duced with an increase in the amount of entrapped air.

Both cases were analyzed with identical conditions to

Case 5 other than considering entrapped air.

The results of the analyses are presented in Figure 12 in

terms of flow in the geotextile and flow in the geonet.

Owing to the reduced geotextile hydraulic conductivity

with entrapped air, the flow in the geotextile reached its

maximum lateral flow capacity at a smaller distance than

in Case 5. As a result, the flow into the geonet occurred

closer to the upper end of the slope with air entrapment

(i.e. the divergence length was reduced).

3.2. Performance of loam–geocomposite slope layers

(ksat soil < q)

The results of the analyses for loam–geocomposite slope

(Case 10) are presented in Figure 13a and 13b in terms of

volumetric water content profile, flow in the geotextile

and flow in the geonet for the infiltration and drainage

stages respectively.

The calculated response of the loam–geocomposite
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Figure 9. Schematic of flow diversion for soil–geocomposite

layers in slope
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slope layer was similar to that for the sand–geocomposite

system: that is, flow into the geotextile occurred when the

loam immediately above the geotextile became nearly

saturated, and flow into the geonet occurred where the

flow in the geotextile reached its maximum capacity

(Figure 13a). Unlike sand–geocomposite cases, when the

wetting front had passed a point, the loam became

saturated owing to the positive pressure-head boundary

condition specified on top. Consequently, when the geo-

composite started draining, not only the loam immediately

above the geotextile but the entire loam layer was

saturated.
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Figure 12. Performance of geocomposite considering entrapped air within nonwoven geotextile: (a) flow in geotextile; (b) flow in

geonet
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The drainage process following infiltration approached

steady state after one day. At this time, the volumetric

water content within the loam was slightly less than the

saturated value over the entire loam layer, while the flows

in the geotextile and the geonet became very small.

The numerical results for the transient infiltration and

drainage analyses imply that nonwoven geotextiles do not

wick or actively drain water from soil until the pore

pressure of the surrounding soil exceeds the water entry

value of the geotextile (typically at a very small suction).

As a result, the soil above a geocomposite becomes wet

before the geocomposite begins draining the water, and it

remains wet for a relatively long period of time after the

infiltration event.

3.3. Practical implications

When proposing to use a geocomposite as a moisture

barrier, it is essential to design the geotextile over the

geonet such that its capacity to transmit flow exceeds the

potential infiltration:

Tgeotextile .
ql

�
(4)

where Tgeotextile is the the capacity of in-plane flow for the

geotextile, q is the the infiltration rate, l is the the length

of the soil–geocomposite system, and � is the slope of the

soil–geocomposite system. In some cases, flow is diverted

laterally above the geotextile. Thus the flow entering the

geonet is less than the amount of infiltrated water

(distance 3 infiltration rate). The condition given by

Equation 4 is conservative in such cases.

When proposing to use a geocomposite as a drainage

material, it should be noted that the volumetric water

content of the soil immediately above the geocomposite is

typically quite high when the geocomposite starts draining

water, and the soil remains wet for a relatively long period

of time after the infiltration event. The soil and the

interface between the soil and the geocomposite may be

weakened by infiltrated water, and remain weakened.

Richardson (1997) reported sliding at the interface be-

tween the geotextile (upper layer of the geocomposite) and

the overlying soil (silty sand) in a landfill cover system. It

was noted that the interface worked as a capillary barrier

so that the soil layers above the geotextile saturated and

the interface between the soil and the geotextile was

weakened. The numerical results shown above support the

observed failure mechanism. Consideration should thus be

given to this behaviour to avoid difficulties caused by wet

soil conditions.

4. CONCLUSIONS

The hydraulic behaviour of soil–geocomposite layers on a

gentle slope (2.5–10%) was examined using the finite

element method for a variety of soils, slope angles and

infiltration rates. The conclusions obtained from this study

for the range of cases examined are summarized as

follows:

1. Flow due to infiltration is diverted at the interface

between the geotextile and the geonet in the

downslope direction. Flow is also diverted within the

soil above the geocomposite layer in some cases.

2. Flow in the geocomposite increases with a decrease

in slope angle and an increase in infiltration rate. In

other words, the geocomposite is more likely to work

as a capillary barrier for low infiltration rates and/or

steep slopes.

3. Entrapped air within the geotextile reduces its

maximum lateral flow capacity, and this may

diminish the capability of the geocomposite to act as

a capillary barrier.

4. The soil immediately above the geocomposite

becomes wet before the geocomposite starts draining

water, and it remains wet for a relatively long period

of time after the infiltration event. Thus the soil and

the interface between the soil and the geocomposite

may be weakened by infiltrated water, and it may

remain weakened for a period of time after

infiltration has ceased. Any stability assessment

should take account of this high water content.
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NOTATIONS

Basic SI units are given in parentheses.

h total hydraulic head (m)

hp pressure head (m)

ksat saturated hydraulic conductivity (m/s)

kr relative hydraulic conductivity (dimensionless)

kx hydraulic conductivity in x-direction (m/s)

ky hydraulic conductivity in y-direction (m/s)

l length of soil–geocomposite system (m)

m fitting parameter for van Genuchten equations

(dimensionless)

mw coefficient of water volume change (Pa�1)

n fitting parameter for van Genuchten equations

(dimensionless)

nd fitting parameter for van Genuchten equations

for main drying curve (dimensionless)

nw fitting parameter for van Genuchten equations

for main wetting curve (dimensionless)

q infiltration rate (m/s)

Sr degree of saturation (dimensionless)

s suction (Pa)

Tgeotextile capacity of in-plane flow for geotextile (m2/s)

t time (s)

Æ fitting parameter for van Genuchten equations

(m�1)

Æ9 modified fitting parameter for van Genuchten

equations (Pa�1)

Æd fitting parameter for van Genuchten equations

for main drying curve (m�1)
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Æ9d modified fitting parameter for van Genuchten

equations for main drying curve (Pa�1)

Æw fitting parameter for van Genuchten equations

for main wetting curve (m�1)

Æ9w modified fitting parameter for van Genuchten

equations for main wetting curve (Pa�1)

ªw unit weight of water (N/m3)

� slope of soil–geocomposite system

(dimensionless)

¨ normalized water content (dimensionless)

Ł volumetric water content (dimensionless)

Łr residual water content (dimensionless)

Łs saturated water content (dimensionless)
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