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Abstract: Experiments conducted to quantify potential leakage from holes in two geomembranes [1-mm-thick linear low-density
polyethylene (LLDPE) and 2-mm-thick high-density polyethylene (HDPE)] placed on a silty-sand [underliner hydraulic conductivity (kUL),
1.1 × 10−7 ≤ kUL ≤ 1.2 × 10−5 m=s], or pea gravel (kUL ¼ 1 × 10−2 m=s) underliner (foundation/subgrade) and covered with saturated fine
tailings at 65% initial solids content are discussed [tailings hydraulic conductivity (kT), 2.9 × 10−8 ≤ kT ≤ 1.6 × 10−6 m=s]. Tests results show
that the overlying tailings, with a kT < kUL, filled the geomembrane hole and had a larger effect on flow through the hole than the underliners
examined. For the tested conditions, leakage through 10 and 20-mm-diameter holes were essentially the same whereas the leakage through a
1.5-mm-diameter hole was three orders of magnitude lower. Introduction of a 580 g=m2 nonwoven needle-punched geotextile (GTX) layer
between the geomembrane and tailings increased the flow by approximately 60%. A gap below geomembrane hole attributable to a stone
on the underliner filled with tailings, which flowed through the hole. The evidence of fines migration through the hole, from the tailings
to the underliner is discussed. DOI: 10.1061/(ASCE)GT.1943-5606.0001606. © 2016 American Society of Civil Engineers.
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Introduction

Except for the tailings dam itself, tailings storage facilities (TSFs)
have historically relied on the in situ soils or rock to control impacts
on groundwater and surface water except where it is highly per-
meable. In these cases, they have commonly been lined with re-
compacted glacial till or other lower permeability soils (Davies
et al. 2002). With increasing environmental concerns concerning
the release of potential contaminants in tailings, there has been
a growing interest in the use of geomembranes to line these
facilities (Breitenbach and Smith 2006).

Leakage through a geomembrane will increase with an increase
of: the number and size of holes; the hydraulic conductivity, k, of
soils in contact with the geomembrane; the hydraulic gradient across
the liner; and the transmissivity at the interface between geomem-
brane and adjacent soils, θ, and will decrease with increasing thick-
ness of the soils providing hydraulic resistance and/or the stresses
acting on the liner (Giroud 1997; Rowe et al. 2004; Rowe 2005,
2012). It is often assumed that a geomembrane installed with good
construction quality assurance (CQA) will have 2.5–5 holes per hec-
tare (Giroud and Bonaparte 1989, 2001) with a typical hole diameter

of approximately 10 mm. However, it is unlikely that the level of
CQA used in landfill applications would be exercised in a large
TSF. This begs the question as to what leakage might be expected
if a geomembrane was used and what would be the benefits of install-
ing a geomembrane given that there likely will be some holes.

Leakage through holes in a geomembrane used as a single liner
or as a part of a composite liner alongside a geosynthetic clay
liner or compacted clay liner in a municipal solid-waste (MSW)
landfill or in a pond application is well understood (Giroud 1997;
Rowe et al. 2004; Rowe 2012). In those applications, generally a
higher k soil overlies the geomembrane, which rests on an under-
liner (foundation) with very low k. In this paper, the hydraulic con-
ductivity of the material above and below the geomembrane are
denoted by kT and kUL, respectively.

Awide range of tailings gradation curves exist for various mining
operations and consequently tailings may range from sand to clay-
sized particles (Mittal and Morgenstern 1975). Most base metal mine
tailings typically comprise 40–70% fines (<75 μm). However, some
milling processes such as gold extraction may grind the ore so that
90% or more of the tailings are fines (Davies et al. 2002). Thus, in
many TSFs, the tailings that would overlie a geomembrane liner
would have a large percentage of fines and, hence, a kT many orders
of magnitude lower than that of the drainage layers used in other
common applications involving a geomembrane such as a landfill
or heap leach pad. In contrast, when a geomembrane is being con-
sidered for use in a TSF, the underliner may have a much higher kUL
than the clay liner used in many other applications. Thus, the leakage
calculations used for landfill type situations would not appear to be
relevant to these TSFs and this raises the question as to what would
be the leakage for these TSF scenarios?

Some studies have examined the case of a permeable soil
above and below a geomembrane with defects (e.g., Fukuoka
1986; Brown et al. 1987; Bonaparte et al. 1989; Giroud et al.
1997; Walton et al. 1997). Bonaparte et al. (1989) established a
flow-equation by interpolating between lower and upper bound
solutions in a set of laboratory experimental results. However,
the proposed empirical relation can only be used when the soil
overlying the geomembrane has a k greater than 10−6 m=s and
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thickness larger than the liquid head on top of the geomembrane.
Also, the equation proposed by Giroud et al. (1997) has limitations
with respect to facilities with large heads. For example, for the size
of the holes tested in this study, it is recommended that Bernoulli’s
flow equation be used for heads greater than 20 m. This would im-
ply ignoring the role of the overlying tailings in impeding flow
through the geomembrane hole for tailings thicknesses greater than
20 m. Walton et al. (1997) first derived a mathematical flow model
and verified it against tests conducted at different effective stresses
with permeable silica sand above and below the geomembrane with
a hole. The silica sand used for the study had a high permeability
(k ¼ 2 × 10−4 m=s) to justify the assumption of a fixed pressure
head above and below the geomembrane defect.

No previous study has examined the potential leakage through a
hole in a geomembrane when it is covered by material with a k
representative of tailings. Although numerical modeling can be
used to model this case, there is presently no experimental data
to calibrate that modeling for situations representative of those that
might be encountered in a TSF. Thus, the primary objective of this
paper is to experimentally examine the effect on the leakage
through a hole in a geomembrane in a simulated TSF for different:
(1) tailings, (2) underliners (i.e., liner subgrades/foundations),
(3) geomembranes, (4) hole size, and (5) applied stresses and
heads. Consideration is also given to the effects of a nonwoven
geotextile (or GTX) cushioning layer, and a small gap below
the geomembrane hole. A second objective is to compare the
experimentally obtained leakage with that calculated using a
commonly used commercial finite-element program.

Experimental Investigation

Materials

Raw tailings and two cyclone sand samples were collected from the
Highland Valley Copper mine facility in Kamloops, B. C., Canada.
The samples primarily contained fine sand and silt sized particles
with no gravel and negligible (<1%) clay sized particles. Three

tailings with different fines and kT were examined. The raw tailings
(denoted as T-8, where the “-8” indicates that kT was of the order of
10−8 m=s at p 0 ¼ 1,500 kPa; Table 1) can be classified using
ASTM D2487 (ASTM 2011) as a silty-sand containing 42–45%
nonplastic fines (<75 μm). In addition, raw tailings and cyclone
sands were mixed in different proportions to generate two other
tailings (T-7 with 25–27% fines and T-6 with 12–14% fines;
Table 1). Four underliners were studied (Table 1): (1) a poorly-
graded pea gravel (UL-2 with <1% fines), (2) a poorly-graded
sand with silt (UL-5 with 9–10% fines), (3) a silty-sand (UL-6 with
10–13% fines), and (4) a blend of raw tailings and cyclone sand
(UL-7 with 25–27% fines).

Two geomembranes were examined. The 1-mm-thick linear
low-density polyethylene (LLDPE) geomembrane (base case)
had a density of 934 kg=m3, standard oxidative induction time
(Std-OIT) of 160 min using ASTM D3895 (ASTM 2007), high
pressure oxidative induction time (HP-OIT) of 3,000 min using
ASTM D5885 (ASTM 2006), yield strength of 12� 0.2 kN=m,
yield strain of 22.1� 1.5%, break strength of 35.1� 2.7 kN=m,
and break strain of 1,200� 113% using ASTM D6693 (ASTM
2015). The 2-mm-thick high-density polyethylene (HDPE) geo-
membrane had a density of 947 kg=m3, Std-OIT of 175 min using
ASTM D3895 (ASTM 2007), HP-OIT of 960 min using ASTM
D5885 (ASTM 2006), yield strength of 37.8� 1 kN=m, yield
strain of 19.2� 0.5%, break strength of 65.8� 3.6 kN=m, and
break strain of 842� 36% using ASTM D6693 (ASTM 2015).

A 4-mm-thick nonwoven, needle-punched geotextile with mass
per unit area of 580 g=m2 and apparent opening size of 0.15 mm
also was used in some tests. The mass per unit area and thickness of
the geotextile was measured using ASTM D5261 (ASTM 2010)
and ASTM D5199 (ASTM 2012), respectively.

Test Apparatus and Method

The test apparatus developed by Brachman and Gudina (2002) and
the test method developed by Joshi et al. (2014) was used. The
apparatus is a rigid cylindrical steel test cell (inside diameter of
590 mm and height of 500 mm) in which a vertical pressure (p)

Table 1. Properties of Materials Used in the Test

Material

Grain size (mm) % fines
(diameter <75 μm)

Hydraulic
conductivity k (m=s)

Applied stresses for
k measurement (kPa)

d85 d50 d10 Cu Cc Total (p) Pore (u) Effective (p 0)

Tailings
T-8 0.27 0.08 0.01 10 2.5 42–45 2.9 × 10−8a 1,600 100 1,500
T-7 0.35 0.19 0.01 18.4 2.9 25–27 5.4 × 10−7 150 100 50

4.2 × 10−7 600 100 500
1.6 × 10−7 1,100 100 1,000
1.1 × 10−7b 1,600 100 1,500

T-6 0.35 0.19 0.02 7.3 3.4 12–14 1.6 × 10−6 1,600 100 1,500

Underliner
UL-7 0.35 0.19 0.01 18.4 2.9 25–27 1.1 × 10−7b 1,600 100 1,500
UL-6 0.37 0.18 0.07 3.1 1.5 10–13 3.8 × 10−6c 600 100 500

6.9 × 10−7d 1,600 100 1,500
UL-5 0.45 0.21 0.1 2 0.98 9–10 1.2 × 10−5 1,600 100 1,500
UL-2

(pea gravel)
12 9.5 6 1.6 1 <1 1 × 10−2

(estimated)
— — —

Geotextile — — — AOSe = 0.15 mm — 5.7 × 10−3e — — —
aAverage of 1 × 10−8, 4.7 × 10−8.
bAverage of 9.5 × 10−8, 1.1 × 10−7, 1.2 × 10−7 m=s.
cAverage of 3.6 × 10−6, 4.1 × 10−6.
dAverage of 6.2 × 10−7, 6.2 × 10−7, 7.3 × 10−7, 7.4 × 10−7, 7.6 × 10−7 m=s.
eApparent opening size (AOS) based on manufacturer’s product specification sheet.
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of up to 3,000 kPa could be applied. Attributable to the rigidity of
the 7-mm-thick cell sidewall, the horizontal stresses corresponded
to zero lateral strain conditions. A friction treatment composed of
two layers of 0.1-mm-thick polyethylene sheets with a special lu-
bricant between them (to allow the outer layer to slip with very little
resistance as the soil in the cell consolidates and compresses) was
applied to the cell walls. Tognon et al. (1999) showed that this
arrangement reduced the sidewall friction angle to below 5°.
Brachman and Gudina (2002) and Krushelnitzky and Brachman
(2009) showed that these physical boundary conditions are suffi-
cient to simulate deep burial conditions up to 3,000 kPa of applied
stress.

In all tests, a geocomposite drain (GCD), an 8-mm-thick geonet
core with upper and lower nonwoven needle-punched geotextiles
with mass per unit area of 340 g=m2, was placed over the steel base
of the test cell. A 0.14-m-thick layer of underliner was then
compacted to an initial bulk density of 1,650–1,700 kg=m3 at
10.5–11% gravimetric water content (dry-weight basis) and then
saturated from below. This was followed by placement of a geo-
membrane specimen with a central circular defect (measuring
1.5, 10, or 20 mm in diameter). The distance from the center of
the hole to the zero flow lateral boundary was 0.295 m. To prevent
any preferential flow along the sidewall of the test cell at the lo-
cation of the geomembrane, a perimeter seal (involving both dry
and wet layers of bentonite) was installed and blue dye was used
to check for seal leakage (Joshi et al. 2014). A 300-mm-thick layer
of pumpable nonsegregating saturated tailings slurry (at 65%
solids content) was placed over the geomembrane. Two layers
of geocomposite drains (connected to a water supply through a

pressure regulator) were placed above the tailings and covered with
a sand-leveling layer and rubber bladder, before the top of the cell
was fastened down.

A prescribed total stress was applied to the sand leveling layer
and all underlying layers by pressurizing the zone between rubber
bladder and the lid. A constant head boundary condition was im-
posed above the tailings by pressurizing fluid in the geocomposite
drains. The vertical distance from the constant head boundary to the
geomembrane was 0.3 m. A constant pressure head bottom head
of 0.15 m bottom boundary condition was applied at the bottom
geocomposite drain.

The minimum hole diameter in the geomembrane (1.5 mm)
was selected to be close to the minimum hole size detectable during
a leak detection survey (1.4 mm; TRI 2013) using the dipole
method on a water covered geomembrane using ASTM D7007
(ASTM 2016).

Permeation tests were conducted at a combination of different
applied stresses to simulate a TSF at various stages of development/
size. The total stress (p) and pore pressure (u) were varied to
apply different effective stresses (p 0). The stresses applied at the
top of the 0.3 m of tailings in the test cell were: (1) p ¼ 250 kPa,
u ¼ 200 kPa (p 0 ¼ 50 kPa); (2) p ¼ 1,000 kPa, u ¼ 500 kPa
(p0 ¼500 kPa); (3) p¼2,000 kPa, u¼1,000 kPa (p 0 ¼ 1,000 kPa);
and (4) p ¼ 3,000 kPa, u ¼ 1,500 kPa (p 0 ¼ 1,500 kPa). Most
of the tests were permeated at the maximum stress level p ¼
3,000 kPa, u ¼ 1,500 kPa, and p 0 ¼ 1,500 kPa (Table 2).

The k of the tailings and underliners were measured in the same
test cell and at the same effective stresses as applied during the tests
with the geomembrane and are given in Table 1.

Table 2. Summary of Permeation Tests

Test
number

Test conditions

Leakage
(L=day)

Permeation
duration (days)Tailings Underliner

Geomembrane
type

Protection
GTX

Hole
diameter (mm)

Applied stress (kPa)

Total (p) Porea (u) Effectivea (p 0)

1A T-7 UL-6 1-mm-LLDPE — 10 3,000 1,500 1,500 4.5 29
1B T-7 UL-6 1-mm-LLDPE — 10 3,000 1,500 1,500 5 21
1C T-7 UL-6 1-mm-LLDPE — 10 250 200 50 1.2 27

— 1,000 500 500 2.7 53
1D T-7 UL-6 1-mm-LLDPE — 10 250 200 50 1.3 11

— 1,000 500 500 3.6 17
— 3,000 1,500 1,500 6 21

2 T-8 UL-6 1-mm-LLDPE — 10 3,000 1,500 1,500 0.5 24
3 T-6 UL-6 1-mm-LLDPE — 10 3,000 1,500 1,500 7 45
4 T-7 UL-7 1-mm-LLDPE — 10 3,000 1,500 1,500 3 19
5 T-7 UL-5 1-mm-LLDPE — 10 3,000 1,500 1,500 4 22
6 T-7 Pea gravel 1-mm-LLDPE — 10 3,000 1,500 1,500 >2,000 <1
7 T-7 UL-6 2-mm-HDPE — 10 3,000 1,500 1,500 4.8 40
8 T-7 UL-6 1-mm-LLDPE — 20 3,000 1,500 1,500 5 52
9 T-7 UL-6 1-mm-LLDPE — 1.5 250 200 50 0.07 19

— 1,000 500 500 0.09 34
— 2,000 1,000 1,000 0.03 30
— 3,000 1,500 1,500 0.005 18

10 T-7 Pea gravel 1-mm-LLDPE — 1.5 250 200 50 0.8 19
— 1,000 500 500 0.03 15
— 2,000 1,000 1,000 0.04 5
— 3,000 1,500 1,500 0.08 7

11 T-7 UL-6 1-mm-LLDPE On top of GMB 10 3,000 1,500 1,500 8 23
12 T-7 Pea gravel 1-mm-LLDPE Below GMB 10 250 200 50 1.3 18

1,000 500 500 3.5 22
3,000 1,500 1,500 6.5 15

13b T-7 UL-6 1-mm-LLDPE — 10 3,000 1,500 1,500 2.4 47

Note: GMB = geomembrane; and GTX = geotextile.
aValues remote from the hole; values will change with position in the tailings attributable to flow through the hole.
bA 25-mm gravel particle was placed beneath the geomembrane near the hole.

© ASCE 04016099-3 J. Geotech. Geoenviron. Eng.
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Test Results and Discussion

Base Case

The base case was for T-7 tailings, 1-mm-thick LLDPE geomem-
brane with a 10-mm-diameter (φ) hole, UL-6 underliner, subjected
to p ¼ 3,000 kPa and u ¼ 1,500 kPa. Triplicate tests gave steady-
state-flow rates of only 4.5, 5, and 6 L=day (Tests 1A, 1B, and 1D;
Table 2) with an average of 5.2� 0.8 L=day. Steady-state-flow
was maintained for at least one week before termination. The very
similar flow rates indicate good test reproducibility (Fig. 1).

Effect of Stress Path

To examine the effect of the path to the final stress state, Test 1D
was permeated to steady-state at p ¼ 250 kPa, u ¼ 200 kPa
(p 0 ¼ 50 kPa) and p ¼ 1,000 kPa, u ¼ 500 kPa (p 0 ¼ 500 kPa)
before going to the base case stress p ¼ 3,000 kPa and u ¼
1,500 kPa (p 0 ¼ 1,500 kPa). There was no notable effect of stress
path and the steady-state leakage rate (6 L=day), which was larger
but very similar to those for Tests 1A and 1B (4.5 and 5 L=day).
The results at intermediate stresses are discussed subsequently.

Effect of Hydraulic Conductivity of Tailings, kT

Similar tests were conducted at p ¼ 3,000 kPa, u ¼ 1,500 kPa
(p 0 ¼ 1,500 kPa) with a UL-6 underliner and a 1-mm-thick
LLDPE geomembrane with a 10-mm-φ hole for tailings with three

different percentages of fines and kT . If there was no geomembrane
then the change in flow should be directly proportional to the
change in the harmonic mean hydraulic conductivity (km) of
the tailings and underliner layer hydraulic conductivities. The
steady-state flow (Fig. 1) decreased with a decrease in tailings
kT (i.e., increasing percentage fines). The flow of 0.5 L=day for
raw tailings (T-8 having 45% fines) with kT ¼ 2.9 × 10−8 m=s
(km ¼ 4 × 10−8 m=s) was an order of magnitude lower (Figs. 1
and 2) than the 5.2 L=day for the base case T-7 tailings (25–
27% fines) with kT ∼ 1.1 × 10−7 m=s (km ¼ 1.5 × 10−7 m=s)
although km had only decreased by a factor of 3.7. The flow of
7 L=day for T-6 tailings (12–14% fines) with kT ¼ 1.6 ×
10−6 m=s (km ¼ 1.1 × 10−6 m=s) was only a factor of 1.35 (35%)
more that the base case although km had increased by a factor of
7.3. Thus, the flows were not proportional to the change in the har-
monic mean hydraulic conductivities of the two layers suggesting
that something in addition to km was influencing the flows (to be
discussed subsequently) when the geomembrane was present.

The geomembrane had a very significant effect on reducing
the flow. The calculated flow for the prescribed heads with no geo-
membrane (based on the km values) for the T-8 tailings was
330 L=day (compared with 0.5 L=day with the geomembrane).
For T-7 tailings and T6 tailing the calculated flows without a geo-
membrane were 1,240 L=day (5.2 L=day with geomembrane) and
9,280 L=day (7 L=day), respectively.

Effect of Underliner Hydraulic Conductivity, kUL

The effect of underliner kUL was assessed by varying the underliner
below the T-7 tailings (kT ∼ 1.1 × 10−7 m=s) and 1-mm-LLDPE
geomembrane (10-mm-φ hole) for the base case stress
(p ¼ 3,000 kPa, u ¼ 1,500 kPa). The lowest flow of 3 L=day
(Table 2 and Fig. 3) was obtained for the silty-sand underliner
(UL-7; kUL ∼ 1.1 × 10−7 m=s; km ∼ 1.1 × 10−7 m=s). The average
flow of 5.2 L=day for the UL-6 underliner (UL-6; kUL ∼ 6.9 ×
10−7 m=s; km ∼ 1.5 × 10−7 m=s; base case) was 73% higher,
which was twice the 37% increase in harmonic mean hydraulic
conductivities km of the two layers (applicable if there was no
geomembrane), showing that the geomembrane was affecting
the flow in a nonobvious manner by channeling the flow through
a hole which was only 0.025% of the overall cell area. With a
17 times more permeable underliner UL-5 (kUL ∼ 1 × 10−5 m=s;
km ∼ 1.6 × 10−7 m=s) the steady-state flow of 4 L=day was
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actually smaller than but essentially the same as the average flow
(5.2� 0.8 L=day) for the nominally identical base case tests with
UL-6 (Tests 1A and 1B). The small decrease in flow appears to be
related to the post-test observations of a significant increase in fines
content in the underliner below and in the zone adjacent to the hole
(Fig. 4) from an initial 9% to approximately 25% (Fig. 5). The fines
content of the underliner below the hole was locally similar to that
of the tailings suggesting that fines transport was an important fac-
tor affecting flow as discussed subsequently. The apparently incon-
sistent trend of observed flows for the three underliners UL-7
(3 L=day), UL-6 (5.2� 0.8 L=day) and UL-5 (4 L=day) is associ-
ated with the movements of fines into the tailings to be discussed
subsequently.

For the T-7 tailings, the calculated flow for the prescribed heads
with no geomembrane (based on the km values) for the UL-7 under-
liner was 910 L=day (compared with the observed 3 L=day with
the geomembrane). For UL-6 and UL-5 underliners the calculated
flows without a geomembrane (observed with geomembrane

in brackets) were 1,240 L=day (5.2 L=day) and 1,330 L=day
(4 L=day), respectively. With a pea gravel (UL-2) underliner,
the calculated flow was also 1,330 L=day because, for UL-5
and UL-2 underliners, the harmonic mean was the same (km ¼
1.6 × 10−7 m=s) to two significant digits. Experimentally, increas-
ing kUL of the underliner further with a poorly graded pea gravel
(estimated kUL ¼ 1 × 10−2 m=s; Test 6) led to piping failure
(internal erosion caused by seepage). Although the flow was so
high that the test had to be terminated soon after the failure and
steady-state-flow-conditions may not have been achieved, the
leakage was greater than 2,000 L=day.

To prevent piping failure and examine the effect of having a
filter layer beneath the geomembrane hole, Test 6 was repeated
with a nonwoven geotextile of mass per unit area 580 g=m2 and
apparent opening size of 0.15 mm placed below geomembrane
and above the pea gravel foundation for otherwise similar condi-
tions to Test 6 discussed above (Test 12). There was no evidence of
piping and the steady-state flow of 6.5 L=day (Test 12, Fig. 3) was
only slightly greater than that obtained in the base case test with a
compacted silty-sand underliner (5.2� 0.8 L=day). Post-test in-
spection found that the pore space of the geotextile directly below
the geomembrane hole was largely filled with migrated tailings
(Fig. 6) of which approximately 40% were fines.

In summary, for the T-7 tailings (kT ∼ 1.1 × 10−7 m=s at
p 0 ¼ 1,500 kPa) the kUL of the underliner had relatively little effect
(a factor 2) on leakage through the geomembrane hole with over a
more that two order of magnitude (factor of 110) range in hydraulic
conductivities (1.1 × 10−7 m=s < kUL < 1.2 × 10−5 m=s) provided
that the underliner acted as a filter layer. This was attributed to
migration of fines that accumulated in the tailings and underliner
layer near the hole and this appears to have locally decreased the
kUL. However, piping must be avoided.

Effect of Geomembrane Type and Thickness

Most tests were with a 1-mm-thick LLDPE geomembrane. To study
the effect on leakage with a thicker geomembrane, a 2-mm-thick
HDPE geomembrane was tested (Test 7) for conditions otherwise
the same as the base case. The measured leakage rate of 4.8 L=day
in Test 7 is slightly smaller than the average leakage of 5.2 L=day
but within the range (4.5–6L=day) of the three base case tests with
a 1-mm-thick LLDPE geomembrane (Table 2). Although there was
no difference in steady-state leakage rate, the test with thicker geo-
membrane took a week longer to reach steady-state. This increase
in time is attributed to the fact that there was a larger volume of
material in the hole for the thicker geomembrane, and hence it took
longer for sufficient fines to migrate until an equilibrium (steady-
state) was achieved.

Effect of Geomembrane Hole Size

To assess the effect of geomembrane hole size on flow, tests
were conducted with a 1.5-mm, 10-mm (base case), and
20-mm-diameter (φ) hole in a 1-mm-thick LLDPE geomembrane.

% fines 
 ~   10 (zone 3) 
 ~   25 (zone 2) 
 >> 25 (zone 1) Beneath the 

geomembrane hole 

cm 

Fig. 4. UL-5 underliner after termination of Test 5 showing radial
zones with percentage fines decreasing with radial distance from the
hole

Before test 
Underliner 
9% fines  

Tailings 
27% fines 

Underliner after test 
Away from 
GMB hole 
10% fines 

Below GMB 
hole 

25% fines 

Away from 
GMB hole 
10% fines  

10
 c

m
 

(a) (b) (c) (d) (e)

Fig. 5. Tailings and underliner allowed to settle in glass bottles before
and after Test 5: (a) T-5 underliner before test; (b) T-7 tailings before
test; (c) no change in underliner sample taken 10 cm away from center;
(d) increase in fines in underliner sample from just below the hole;
(e) no change in underliner sample taken from 10 cm away from center
(GMB = geomembrane)

Away from the 
geomembrane hole 

Beneath the 
geomembrane hole

t ~ 4 mm

~30 mm

Fig. 6. Cross-section filter geotextile from between the geomembrane
with hole and pea gravel after Test 12
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Under the same applied stresses, the steady-state flow rate
(0.005 L=day) through the 1.5-mm-φ hole was approximately
1,000 times smaller than that measured in the base case
(5.2 L=day; Fig. 1). The flow through 20-mm-φ hole (5 L=day)
was within the range of measurements for the base cases with
10-mm-φ hole. However, although the time to reach steady-state
was less than three weeks for the 10-mm-φ hole, it was approxi-
mately 5 weeks for the 20-mm-φ hole. The 2.5 times lower (calcu-
lated) seepage velocity with larger hole may have slowed the
mobilization and deposition of fines in and around the hole.

Effect of a Transmissive Layer between Tailings and
Geomembrane

To study the effect on flow of increasing the interface transmissivity
between the tailings and the geomembrane, a 580 g=m2 nonwoven
needle-punched geotextile (satisfying filtration criteria with the tail-
ings) was placed over the geomembrane (Test 11). Except for the
geotextile, the test was the same as the base case. With the geotextile,
the steady-state-flow (8 L=day) was 60% greater than average flow
(5.2 L=day) for the base cases (Table 2). Although steady-state was
attained within a week, the test was allowed to run for over three
weeks to confirm steady-state had been achieved and no additional
time-dependent change in flow was discernable. This 60% increase
in flow is considered to be related to the lateral transmissivity of the
geotextile more readily transmitting flow to the hole from further way
that occurred when the tailings were in direct contact with the geo-
membrane. Thus, this flow may have been limited by the dimensions
of the test apparatus because, in the field, the area potentially con-
tributing flow through the geotextile to the hole may be larger, and
hence the increase in flow could be greater than reported here if a
geotextile were used in an otherwise similar field application.

Inspection of the geotextile after test termination found that tail-
ings had intruded into the geotextile pores. The geotextile was
tested according to ASTMD6574 (ASTM 2013) to assess the effect
of the tailings intrusion. The in-plane transmissivity of the exhumed
geotextile (0.43 × 10−6 m2=s) was one third of the off-the-roll
virgin geotextile value (1.24 × 10−6 m2=s).

Effect of Effective Stress

Tests were conducted for different applied stresses to simulate the
conditions at various stages of TSF development. For the 10-mm-φ

hole, the stress combinations examined were: (1) p ¼ 250 kPa,
u ¼ 200 kPa (p 0 ¼ 50 kPa); (2) p ¼ 1,000 kPa, u ¼ 500 kPa
(p 0 ¼ 500 kPa); and (3) p ¼ 3,000 kPa, u ¼ 1,500 kPa (p 0 ¼
1,500 kPa). For tests with a 1.5-mm-φ hole, a fourth stress combi-
nation of p ¼ 2,000 kPa, u ¼ 1,000 kPa (p 0 ¼ 1,000 kPa) was
added. All tests were conducted with T-7 tailings and UL-6 or
UL-2 (pea gravel) underliners. The results are plotted in Fig. 7
and summarized in Table 2.

Two tests were conducted with a 1.5-mm-φ hole in a geomem-
brane resting on: (1) UL-6 silty-sand underliner (Test 9); and (2)
UL-2 pea gravel (Test 11). At 20 m head, the flow rate through
the 1.5-mm-φ hole for the gravel underliner (0.8 L=day) was
ten times greater than for the silty-sand underliner (0.07 L=day).
As the head and effective stress increased to 50 m (and p 0 ¼
500 kPa) there was a very slight increase in leakage for the
silty-sand underliner (to 0.09 L=day) but a decrease on the gravel
underliner (to 0.03 L=day). The difference between the leakage
rates for the silty-sand and gravel at 50 m head is curious; but both
are small and the difference is probably attributable to subtle differ-
ences in how fines migrate to the small hole. For the silty-sand
underliner, the flow rate decreased to 0.03 L=day going to a head
of 100 m (p 0 ¼ 1,000 kPa) and to 0.005 L=day on going to a head
of 150 m (p 0 ¼ 1,500 kPa); this decrease in flow despite a substan-
tial increase in head is presumed to be attributable to consolidation
of the tailings and accumulation of fines in and around the hole.
In contrast, for the 1.5-mm-φ hole on the gravel underliner, the
flow rate increased slightly from 0.03 L=day at a head of 50 m
(p 0 ¼ 500 kPa) to 0.04 L=day at 100 m (p 0 ¼ 1,000 kPa) and
to 0.08 L=day at 150 m (p 0 ¼ 1,500 kPa). Although the leakages
were very small at 20 m head (p 0 ¼ 50 kPa), the reduction in flow
as the head increased to 150 m (p 0 ¼ 1,500 kPa) is presumed to be
attributable to consolidation of the tailings and accumulation of
fines in and around the hole. For the pea gravel (UL-2) underliner,
it appears that with an increase in head (from 50 m to 100 m and
150 m), the seepage forces were moving soil through the hole into
the gravel in small amounts causing a small increase in leakage with
increasing head.

In Tests 1D and 12 with a 10-mm-φ hole, the flows were similar
for the silty-sand (UL-6) and geotextile over gravel (GTX/UL-2)
underliners. The flows increased by a factor of 2.7, attributable
to a 2.5 times increase in head, from 1.3 L=day at 20 m head
to approximately 3.5 L=day at 50 m head. The flow increased
by approximately 1.8 times, from 3.5 L=day at 50 m head to
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Fig. 7. Effect of applied effective stresses on flow for (a) 1.5-mm-diameter hole; (b) 10-mm-diameter hole; note: test results in Fig. 7(b) include
results with UL-6 and pea gravel underliner; the error bar represents the range of measured flow for multiple tests
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6-6.5 L=day at 150 m head, attributable to the threefold increase in
head, indicating that there was at least a local reduction in kT in the
area controlling the leakage at an effective stress of 1,500 kPa rel-
ative to that at 500 kPa [Fig. 7(b)].

Effect of a Gap Beneath a Geomembrane Hole Due to
a Stone

All previous results were for a geomembrane in direct contact with
the underliner. However, there are situations where the geomem-
brane may not be completely flat when covered. For example, a
stone on (or protruding from) the underliner may cause the geo-
membrane to be locally elevated above the underliner. This has
the potential to create a hole when load is applied, or if near an
existing hole, it has the potential to create a gap below the liner.
In cases where there is little to no resistance to flow above the geo-
membrane and the gap remains, the leakage might increase (Rowe
et al. 2004). However, with tailings present above the liner, the ef-
fect of the gap may be different. To explore this situation, a 25-mm
stone was placed on the UL-6 underliner at a center-to-center dis-
tance of 15 mm from the 10-mm-φ hole such that there was a gap
between the geomembrane and underliner but the gravel was not
plugging the hole (Test 13). Otherwise, this test was the same
as the base case.

The steady-state leakage rate of 2.4 L=day with the stone was
less than a half that for the base case (5.2� 0.8 L=day) with a flat
geomembrane on the silty-sand underliner (Table 2). The flow rate
was similar to, but slightly smaller than, the case where both tail-
ings and underliner were the base tailings material (3 L=day, Test
4, Table 2). The lower flow was mostly attributable to flow of the
lower permeability slurry through the geomembrane hole into the
gap below the geomembrane at the time of slurry placement.

Migration of Fines

After each test, the tailings and underliner away from the hole, near
the hole, and in the hole were visually examined. There was evi-
dence of an increase in fines in the tailings very close to the hole
and in the hole. The material in the hole appeared to have more
fines than the area above and below. This migration of fines likely
occurred attributable to the high hydraulic gradients in and around
the geomembrane hole. Because the volume of the soil affected was
very small (substantially less than minimum required by any stan-
dard grain size distribution test) it was not possible to establish a
grain size distribution. As an alternative approach, specimens of
material (∼3 g) from areas: (1) in and around the hole; and (2) vari-
ous distances away from the hole, were placed in a thin cylindrical
glass bottle with a flat base. The samples were submerged in tap
water, shaken, and allowed to settle. The percentage of fines was
estimated from the relative thickness of the fine and coarse fraction.
For example, Fig. 4 shows a visual change in underliner soil texture
(percent fines) moving away from the hole after Test 5. Fig. 5 com-
pares virgin tailings and underliner soil samples with the underliner
samples collected from locations below and away from the hole.
An increase in fines content in the underliner at the hole and just
beneath the hole was observed. The color of fines also changed,
suggesting that fines from the underliner and fines that have mi-
grated from the tailings were both present. It was also noted that
at the same elapsed time, the supernatant in the cylinder containing
a sample taken from the hole area was more turbid compared with
those taken away from the hole. This suggests there was mobiliza-
tion and deposition of the much finer particles (those not a part of
the load-carrying fabric) within the soils in the hole. This larger
amount of finer particles accumulated in the hole is thought to have

significantly reduced the k locally within the hole compared with
its surroundings.

Numerical Modeling

Axi-symmetric finite element analyses (using SEEP/W;GeoStudio)
were performed using the independently measured hydraulic con-
ductivities of the overliner and underliner (Table 1). The model was
based on the dimensions of the apparatus with a prescribed pressure
head of 153.06 m along the top surface of 0.3-m-thick tailings, a
0.14-m-thick underliner over a 1 cm geocomposite drain through
which a prescribed pressure head of 0.15 m was prescribed at the
bottom of the cell, and zero flow boundaries at the cell walls.
Any preferential soil-geomembrane interface transmissivity was
neglected. The mesh was refined by increasing the number of
elements until there was no change in solution with further
refinement.

Effect of Geomembrane on Flow

The effect of the geomembrane on flow was evaluated by simulat-
ing cases with and without the geomembrane. The base case
hydraulic conductivities of tailings and underliner (kT ¼ 1.1 ×
10−7 m=s, and kUL ¼ 6.9×10−7 m=s measured at p 0 ¼ 1,500 kPa)
were used. For the cases with geomembrane, a 10-mm-diameter
hole was placed at the center. Flow calculated, using SEEP/W
model, for the case with and without geomembrane was 20.8
and 1,280 L=day, respectively. The model flow without geomem-
brane was 0.3% higher than the one-dimensional flow calculated
using Darcy’s flow equation showing little effect of the finite
element discretization.

Effect of Underliner k

With an increase in the kUL (1.2 × 10−5 m=s; as in Test T5) for
otherwise the same conditions as above, the flow increased by
5% to 1,340 L=day for the case without geomembrane and
by 9% to 22.7 L=day for the case with geomembrane. However,
in the laboratory experiments for the conditions simulated above,
the flow was slightly lower for the case with higher kUL.

Explaining Observed Flow Rates Using a Numerical
Model

For the base case, with a 10-mm-φ hole, the flow calculated from
the finite element model (20.8 L=day) was about 4–5 times higher
than the actual measured flows (4.5, 5, and 6 L=day) for p ¼
3,000 kPa and u ¼ 1,500 kPa (p 0 ¼ 1,500 kPa). The higher flow
in the model is attributed to the use of a uniform k whereas in the
actual tests there was clear evidence of fines migration to, and dep-
osition in and around, the geomembrane hole that had the potential
to reduce k locally (e.g., Fig. 4). The numerical results indicated
that even with a uniform kT in the tailings, over 80% of the applied
head loss occurred within a radial distance equal to the diameter of
the geomembrane hole (this distance is referred to in this paper as
the zone of influence) and it is within this zone that fines mobili-
zation, migration and deposition is considered most probable. This
inference from the numerical results is generally consistent with the
observed increased fines in this area and in the hole.

An analysis of the base case using the measured kT of the T-7
tailings (kT ¼ 1.1 × 10−7 m=s) and underliner (kUL ¼ 6.9×
10−7 m=s) except within the hole and zone of influence in the tail-
ings where the hydraulic conductivity (kTd) was progressively de-
creased until the calculated flow matched the measured flow at
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kTd ¼ 2 × 10−8 m=s. This corresponds to a sixfold decrease in hy-
draulic conductivity in the zone of influence. Based on the k-tests
conducted on tailings in the small and larger diameter permea-
meters, kTd ¼ 2 × 10−8 m=s corresponds to a material having
about 40–45% fines as compared with 27% in the tailings before
the flow started (Fig. 8). This percentage of fines is close to that
found in the tailings that were migrated to the geotextile in Test 12.

For Test 8 with a 20-mm-φ geomembrane hole but otherwise the
same conditions as the base case, the zone of influence was taken as
20 mm and the local reduction in kTd needed to match the measured
flow was 9 × 10−9 m=s which corresponds to tailings with about
50% fines. It is possible that because a larger hole draws fines
from a larger volume of soil, there is potential for a greater percent-
age of fines accumulating within the zone of influence (at least
for the range of hole sizes examined), thereby locally reducing the
flow.

The value of kTd within the zone of influence needed to match
observed flows was decreased relative to the value away from the
hole (4.7 × 10−8 m=s) by a factor of 2 (to 2 × 10−9 m=s) for T-8
tailings and by a factor of 60 (from 1.6 × 10−6 m=s to 2.7 ×
10−8 m=s) for T-6 tailings. The corresponding increase in the local
fines content is from initially 45% to about 70% for T-8 tailings and
from initially about 13% to about 40% for T-6 tailings. Thus, it
appears that the fines have a different effect on kTd for otherwise
similar conditions based on starting percentage fines present in the
tailings.

Although it is convenient to assume uniform fines content
throughout the zone of influence in a numerical model, the actual
observed increase fines in the hole and away from the hole was not
the same. The thin film of accumulated fines at the hole in Fig. 4
appears to have had more fines than the surrounding area, with a
potentially highly reduced local khole and consequently flow
through the hole. This suggest further discretization of the zone
of influence into regions: (1) within; and (2) away, from the hole
each with different hydraulic properties. Unfortunately, it was not
possible to accurately estimate the percentage fines, and hence the
reduced khole of the material within the hole relative to that in the
rest of the zone of influence. There was no way to definitively es-
timate the k values in either location independently and, therefore,
there would be an infinite number of combinations that would
match the flow. The constant k in the entire zone of influence rep-
resents one limit and gives the kTd values of 2 × 10−9 m=s for T-8
tailings (70% fines), 2 × 10−8 m=s for T-7 tailings (40–45% fines),
and 2.7 × 10−8 m=s for T-6 tailings (40% fines) as discussed above
for a 10-mm-hole. A second limit is to deduce the khole required to

match the measured flow with the rest of the zone of influence hav-
ing similar properties as the parent materials. For this idealization,
the calculated khole was 1 × 10−9 m=s for T-8 tailings (85% fines),
8 × 10−9 m=s for T-7 tailings (50% fines), and 9 × 10−9 m=s for
T-6 tailings (48% fines). The reality is likely between these two
limits but the k may also be a little higher because the forgoing
has only considered fines migration affecting the hole and tailings
in the zone of influence and did not consider any change in the
underliner which also likely contributed to a reduction in flow com-
pared with the uniform kUL case.

Predictive Modeling

The calculated leakage in the base case configuration (T-7 tailings;
UL-6 underliner; 1-mm-thick LLDPE geomembranewith 10-mm-φ
hole; 150 m hydraulic head on top of the tailings surface) modeled
using the actual test cell dimensions (radius = 0.295 m, depth
of tailings = 0.3 m) and a uniform k assigned to the tailings
(kT ¼1.1×10−7 m=s) and the underliner (kUL ¼ 6.9 × 10−7 m=s)
and neglecting any effect of local reduction in k in and around
the hole was 20.8 L=day. Remodeling with the same parameters
except for larger test cell diameters, the increase in flow was insig-
nificant (less than 0.4%) with up to an eightfold increase in the
diameter of the cell. Similar simulations for a 20-mm-φ hole
showed less than 0.9% increase in flow suggesting that there were
negligible boundary effects of the cell for the conditions examined
in the study. This suggests that the cell size had no significant effect
on the results without a geotextile above the geomembrane.

The base model (neglecting the effect of having a zone of in-
fluence with reduced k) was then scaled up to predict flow through
a TSF containing T-6, T-7, or T-8 tailings and UL-6 underliner. The
ratio of thickness of tailings and distance from the center of the
geomembrane hole to the boundary were kept equal at unity (based
on a parametric study that showed that more distant boundaries had
no effect on the calculated flow). Tailings heights of 0.3, 1, 5, 10,
20, 50, 100, and 150 m were simulated with a hydraulic head of
0.3 m above the tailings to simulate submerged conditions. The
calculated flows are plotted in Fig. 9. For a submerged TSF, the
predicted flow rate is higher than when an equivalent (e.g., 20,
50 or 150 m) high head is directly applied on top of 0.3-m-thick
tailings in the experiments. The higher calculated flow, compared
with that measured for the same applied head, is attributed to the
neglect in the modeling of any local reduction in k in and around
the hole that was observed in the experiments.
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The calculated flow in the case where 0.3 m head was applied on
top of 150-m-thick tailings was practically the same as the case
where 150 m head was directly applied on top of 0.3-m-thick tail-
ings which suggests that the 0.3-m-thick tailings layer examined in
the experiments with the head applied above the tailings was ad-
equate to simulate the more complex case. This is likely true even if
there was a variation in hydraulic conductivity with depth because
the lower 0.3 m would be expected to have the highest effective
stress and lowest k.

These results also suggest that the leakage observed in the lab-
oratory tests at different effective stresses and heads provide a good
approximation of the actual flow in a larger scale. For a larger fa-
cility, the true flow is expected to lie between the laboratory results
and the flow calculated without considering local reduction in k,
but probably closer to the lower values.

Effect of Geomembrane Hole Size

The scaled up model with 150-m-thick tailings under submerged
condition was used to study the effect of different geomembrane
hole sizes on flow. The flow through 50 and 500-mm-φ holes
(for the base case with T-7 tailings and UL-6 underliner) was
120 and 1,400 L=day, respectively. For the T-8 tailings these flows
reduced to 55 and 610 L=day. Although calculated flow through
larger holes are much larger than with the smaller holes examined
in the experiments, the flows were negligible (≤0.2%) compared
with the cases without any geomembrane where a flow of more
than 670,000 L=day was calculated. Thus, even with a few very
large holes (500-mm-φ), the geomembrane would appear to be very
effective in limiting leakage compared with the case without a geo-
membrane for the cases examined as long as piping is avoided.

Summary and Conclusions

Coupled physical and hydraulic experiments were conducted to
quantify the leakage through geomembrane holes under large ap-
plied stresses from overlying tailings. The influence of different
tailings, different underliners, different geomembrane type and
thickness, different hole sizes, different applied stresses and heads,
a nonwoven geotextile cushioning layer (above or below the geo-
membrane) and a gap beneath the geomembrane hole were exam-
ined. For the specific conditions and materials examined, the
following conclusions were reached:

Effect of tailings and underliner: The leakage reduced with de-
crease in the hydraulic conductivity of the tailings, kT , (i.e., as the
percent fines in the tailings increased). The kUL of the underliner
had little effect on leakage for tailings with a nominal kT ∼ 1.1 ×
10−7 m=s over a range of 1.1 × 10−7 ≤ kUL ≤ 1.2 × 10−5 m=s.

Failure attributable to piping: With pea gravel underliner
(d50 ¼ 10 mm, d10 ¼ 6 mm) and 10-mm-diameter hole in the geo-
membrane, internal erosion and piping failure occurred. Placing a
filter geotextile between the geomembrane and the pea gravel
underliner prevented piping and, in this case, the measured flow
was only slightly larger than that with a silty-sand underliner
(6.5 L=day versus 5.2 L=day). For a 1.5-mm-diameter hole in a
geomembrane above pea gravel, there was no evidence of piping.

Geomembrane hole sizes: The leakage through 10- and 20-mm-
diameter holes were essentially the same and less than 7 L=day for
the tested materials. The flow reduced by up to three orders of
magnitude for a 1.5-mm-diameter hole.

Geomembrane type: There is insufficient data to draw any firm
conclusions regarding geomembrane thickness (1 and 2 mm) and
type (LLDPE and HDPE) although there was no effect on the flow
evident in the tests conducted.

Effect of applied stress and head: For a 10-mm-diameter hole,
there was a nonlinear increase in flow with increase in applied head.
For 1.5-mm-diameter hole, the flow first increased then decreased
with increase in effective stresses. It is considered that at larger
effective stresses the flow was affected by consolidation and
migration of fines in and around the hole.

Migration of fines: There was evidence of an increase in fines in
the tailings and underliner in and around the hole.

Geotextile cushioning layer: When a geotextile cushioning layer
was present above the geomembrane, there was a modest increase
in leakage although it appeared the increase was mitigated by an
accumulation of tailings clogging the geotextile with a consequent
threefold decrease in transmissivity in the geotextile. When a filter
geotextile was placed below the geomembrane and above pea
gravel, it retained the tailings in place and prevented failure attrib-
utable to piping. However, the geotextile would need to be selected
with adequate filter characteristics, as in this case, to prevent sig-
nificant fines migration and this will depend on the grain size and
solids content of the tailings to be retained.

For the materials and conditions examined in this study, the
measured flow would correspond to a leakage not exceeding
40 L=ha=day (or an average of 1.5 mm=m2=year) with a maximum
of 5 holes per hectare. These flows would be insignificant com-
pared with that for a similar facility without a geomembrane
and with the same foundation layers and subjected to similar heads
and stresses. This study had not examined the effect of wrinkles.
The issue of wrinkles will be assessed in a subsequent paper (Joshi
et al. 2016).
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