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Hydraulic conductivity of GCL overlap permeated with saline solutions 
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A B S T R A C T   

Hydraulic conductivity of the overlap region of two needle-punched sodium bentonite (Na-B) geosynthetic clay 
liners (GCLs) permeated with CaCl2 solutions under confining stresses of 20, 100, 250, and 500 kPa were 
evaluated. One of the GCLs consisted of a uniform layer of Na-B encapsulated between a nonwoven (NW) and a 
woven (W) geotextile, and the other one consisted of NW geotextiles on both sides. Supplemental bentonite was 
placed within the overlap region. Experiments were conducted with 10, 20, and 50 mM CaCl2 solutions repre-
senting dilute and aggressive leachates. The results indicate that in most of the scenarios there is a possibility that 
the flow is not completely vertical (meaning flow passes through the overlap region horizontally). As the 
confining stress increased, the horizontal flow through the overlap region for GCLs reduced effectively when 
permeated with deionized water and 10 mM CaCl2 solution, whereas the reduction of horizontal flow was limited 
to 20 mM and 50 mM CaCl2 solutions.   

1. Introduction 

Landfills are facilities designed for the containment of waste mate-
rials (Sharma and Lewis, 1994; Bouazza, 2002; Daniel, 2012; Parastar 
et al., 2017; Tian et al. 2016, 2019; Rowe, 2020). Typical liner systems 
for municipal solid waste (MSW) landfills in the U.S. are constructed 
with composite impermeable layers including a geomembrane underlain 
by a compacted clay layer (CCL) to prevent the migration of landfill 
leachates. A geosynthetic clay liner (GCL) may be used in lieu of a CCL as 
a sustainable alternative due to its low hydraulic conductivity (e.g., 
<10− 10 m/s), minimal thickness as it relates to saving air space in a 
landfill, and easy installation procedures (Daniel, 1993; Giroud et al, 
1997; Shackelford et al., 2000; Scalia and Benson, 2010; Bradshaw et al, 
2013, 2014; Setz et al., 2017; Bouazza et al., 2017; Tian et al., 2016, 
2019). 

GCLs consist of a thin layer of sodium bentonite (Na-B) clay (5–10 
mm thick) sandwiched between two geotextiles where the geotextiles 
and the Na-B layers are held together by stitching, adhesives, and needle 
punching (Bouazza, 2002; Koerner, 2012; AbdelRazek and Rowe, 2019). 
The geotextile used in GCL can be nonwoven on both sides (NW-NW) or 
the combination of one nonwoven on one side and one woven on the 
other side (NW-W). The effectiveness of a GCL as a hydraulic barrier is 
controlled by the Na-B layer, which primarily consists of clay mineral 
montmorillonite. Montmorillonite has a high swelling capability after 

hydration, which can eliminate the intergranular pore space and yield 
narrow and tortuous flow paths, resulting in a low hydraulic conduc-
tivity of GCLs (Jo et al., 2001, 2005; Lee et al., 2005; Kolstad et al., 2004; 
Bradshaw and Benson, 2014; Tian and Benson, 2014, Tian et al., 2016, 
Lu et al., 2018, Mukunoki et al., 2019). However, the swelling of Na-B 
can be inhibited when the GCL is exposed to saline solutions or leach-
ates with high ionic strength or predominant polyvalent cations, which 
results in high hydraulic conductivity (Jo et al., 2001, 2005; Meer and 
Benson, 2007; Scalia et al., 2014; Setz et al., 2017; Tian et al., 2016, 
2019; Chen et al., 2019; Zainab et al., 2021). 

A majority of the previous studies focused on evaluating the hy-
draulic conductivity of the single GCL layer. However, considering the 
size of a landfill footprint, GCLs are always installed in the field where 
different sheets of GCLs are overlapped. This is because the typical width 
and length of GCL sheets range from 4 to 5.5 m and 30–60 m respectively 
compared to the average footprint of MSW landfill as 178,000 m2 (EPA, 
2001). The need to overlap GCL sheets in the field has also been 
recognized by the U.S. EPA, where the agency recommends a minimum 
overlap distance of 150 to 300 mm, depending on the particular product 
and site conditions (Daniel, 1993). The standard guide for installation of 
GCL (ASTM D6102) suggests that the minimum overlap between the two 
GCL panels should be 150 mm along the longitudinal direction, and the 
end-of-roll minimum overlap should be 500 mm. The minimum di-
mensions of the overlap are important to prevent the separation of 
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panels due to shrinkage of GCL (Thiel and Richardson, 2005; Rowe et al., 
2010). A common method is placing Na-B in between the two GCLs at 
the overlap region with a minimum rate of 0.4 kg/m to seal the overlap 
area against horizontal flow through the geotextiles of the GCL. The Na- 
B added in the overlap region may be in a dry granular form or as a wet 
paste. 

Previous studies conducted by Estornell and Daniel (1992), Cooley 
and Dainiel (1995), Daniel et al. (1997), Benson et al. (2004), Kendall 
and Austin (2014), Mazzieri and Di Emidio (2015) have evaluated the 
performance of GCL overlaps. The first attempt in literature to evaluate 
the hydraulic conductivity of GCL overlap was made by Estornell and 
Daniel (1992). The particular NW-W GCL tested in their study had 5 kg/ 
m2 mass per unit area of bentonite. The rate of the supplemental 
bentonite that was placed in the overlap region was 0.4 kg/m. Two 
different overlap widths (75 and 150 mm) were evaluated at 9 kPa 
effective stress. The researchers presented that when the overlap width 
of NW-W GCL was reduced to 75 mm (half of the minimum recom-
mended value of 150 mm), the hydraulic conductivity was 2.5 times 
higher than the value measured with 150 mm overlap. Estornell and 
Daniel (1992) suggested that the difference between the observations 
from the 75 and 150 mm overlaps could simply be the result of material 
variability. This research did not account for elevated effective 
(confining) stress conditions on GCL and the effect of different leachate 
compositions. Daniel et al. (1997) proposed a so-called flow box test set- 
up to evaluate the GCL overlap hydraulic conductivity. The test set-up 
was designed to measure vertical flow on both sides of the overlap 
and compare these values to the flow within the region where the GCL is 
overlapped. Comparative overlapped tests were conducted with and 
without the presence of bentonite in between the two GCLs at 6.2 kPa. 
Test results with bentonite seal were inconclusive as Daniel et al. (1997) 
stated that the cause for the incomplete self-sealing of the overlap is not 
known but may be related to the low confining pressure used in the tests. 
Weerasinghe et al. (2020) conducted experiments in a 1000 mm long 
and 500 mm wide flow box and evaluated the impact of overlap width of 
GCLs (e.g., 75 mm, 150 mm, and 300 mm) with supplemental bentonite 
when GCLs are permeated with tap water under two different confining 
stresses. Although the authors claimed that overlap width was the most 
significant parameter that affected the hydraulic performance, the pre-
sented results from the study showed the differences between smallest 
(75 mm) and largest (300 mm) overlaps to be by approximately a factor 
of 2 (i.e., normalized hydraulic flux from GCL overlaps with 75 mm was 
noted as 1.97 × 10− 9 m3/s/m2/m, with 150 mm was 1.78 × 10− 9 m3/s/ 
m2/m, and with 300 mm was 1.17 × 10− 9 m3/s/m2/m). This study 
shows that in terms of the flow, the overlap width may not have a great 
impact. 

It is recognized in the literature that if the hydraulic conductivity of 
the region where the GCL pieces are overlapped is not watertight, these 
areas will potentially control the bulk hydraulic conductivity of the GCL 
layer installed in the landfill liner system. Considering that landfills 
contain different leachate compositions, the permeant solution that may 
be in contact with the GCL overlaps also plays an important role in the 
evaluations. However, as summarized above, the previous studies did 
not focus on specifically evaluating the integrity of the overlap regions 
based on different potential leachate compositions that could be seen in 
landfills. Therefore, the objective of the study presented in this manu-
script was to evaluate the hydraulic performance of the overlap region of 
GCLs with supplemental bentonite. Experiments were conducted with 
10, 20, and 50 mM CaCl2 solutions representing dilute and aggressive 
leachates. A comparative test was conducted with two Na-B GCLs con-
sisting of different geotextiles (NW-NW and NW-W) to determine the 
effect of geotextiles on the hydraulic performance of the overlap region. 
Tests were also conducted with DI water to serve as controls. Hydraulic 
conductivity tests were initially conducted at 20 kPa and then increased 
to 100, 250, and 500 kPa to mimic the stress conditions typically 
induced by the mass of the waste body in landfills. The study also 
included the hydraulic evaluation of the geotextiles alone to estimate the 

flow through the geotextile extracted from GCL samples. 

2. Methodology and materials 

2.1. Geosynthetic clay liners (GCL) and permeant solutions 

Tests were conducted with two commercially available needle- 
punched Na-B GCLs, i.e., one of the GCLs had nonwoven geotextile on 
both sides (NW-NW) and the other one had a nonwoven and a woven 
geotextile on each side (NW-W). The bentonite mass per unit area was 
4.0 kg/m2 for NW-NW GCLs and 3.96 kg/m2 for NW-W GCLs. The swell 
index of bentonite extracted from GCLs were very comparable to each 
other. The bentonite from NW-W GCLs hydrated with DI water had a 
swell index of 36 mL/2g and from NW-NW GCLs had a swell index of 33 
mL/2g. The comparative test results can evaluate whether the geotextile 
types used in the production of GCL make a difference in terms of the 
overlap behavior. 

Tests were conducted with DI water (served as control tests) and 10, 
20, and 50 mM CaCl2 solutions. Solutions were prepared by dissolving 
powdered CaCl2 salt in DI water. Ten and 20 mM CaCl2 solutions were 
used to mimic the dilute to moderate leachate conditions respectively, 
and 50 mM CaCl2 solution represented comparatively aggressive con-
ditions (Jo et al., 2001, 2005; Scalia et al., 2014; Tian et al., 2019). The 
swell index of the bentonites extracted from NW-NW and NW-W GCLs in 
each testing solution was measured following the methods described in 
ASTM D5890 (ASTM, 20019). 

2.2. Hydraulic conductivity test of GCL overlaps 

The configuration of the laboratory set-up used to evaluate the hy-
draulic conductivity of the GCL overlaps using flexible wall per-
meameters is shown in Fig. 1. Tests were conducted with a conventional 
152.4 mm diameter circular hydraulic chamber. This setup resulted in 
creating a 50.8 mm overlap condition between the two GCLs. This 
dimension is one-third of the minimum overlap requirements that are 
recommended in practice. However, it is important to point out that as 
indicated by Thiel and Richardson (2005) and Rowe et al. (2010), the 
minimum overlap dimensions for the GCLs are recommended based on 
preventing the separation of overlaps due to shrinkage of GCL installa-
tion in the field. Estornell and Daniel (1992) and Weerasinghe et al. 
(2020) also showed that the width of the GCL overlap has limited in-
fluence on the hydraulic performance of GCL overlaps. Considering that 
in the laboratory experiments, separation of overlaps due to shrinkage is 
not a concern, 50.8 mm is considered as a reasonable length to evaluate 
the effect of the GCL overlap on the hydraulic conductivity. However, it 
should be noted that the intent of this study was not to promote to 
reduce the previously established overlap lengths for the field applica-
tions, but it is intended to show that potentially the constructed overlaps 
may need to be further evaluated for their envisioned hydraulic per-
formance (no flow conditions). 

“Supplemental Bentonite method” was used to set up the GCL 
overlaps in this study. Most installation guidelines suggest the minimum 
application rate of bentonite for this type of scenario as 0.4 kg/m for the 
150-mm overlap regions (EPA, 1993) (equal to 2.37 kg/m2). Consid-
ering the size of the overlap in this study, 18 g of Na-B were used in the 
overlap. 

As can be seen from Fig. 1, the laboratory test set-up also included a 
set of NW geotextiles adjacent to the overlapped GCLs. These geotextiles 
were placed into the testing chamber to create a uniform sample 
thickness on both sides of the overlapped regions. The placed NW geo-
textiles were carefully selected to have a permeability that is larger than 
the permeability of the geotextiles within the GCL. This evaluation was 
conducted based on the manufacturer’s reported permittivity value of 
1.7 sec− 1 and thickness of 1.4 mm. Based on these reported values, the 
permeability of the NW geotextile that were used on both sides of the 
overlapped regions was calculated as 2.4 × 10− 3 m/sec. 

J. Gastelo et al.                                                                                                                                                                                                                                  



Waste Management 157 (2023) 348–356

350

The hydraulic conductivity of GCL overlap was measured with a 
falling-head test using flexible-wall permeameters according to ASTM 
D6766. The hydration of the GCL specimens was achieved with effective 
stress of 20 kPa for 48 h with an average hydraulic gradient of 130. After 
hydration, the effluent line was opened. Fifty-milliliter burettes were 
used to contain the influent liquid and the effluent was collected using 
60 mL HDPE bottles. All hydraulic conductivity tests were conducted 
until reaching hydraulic equilibrium and chemical equilibrium accord-
ing to ASTM D6766. And then, incremental confining stress was applied 
to mimic the stress induced by the waste body (e.g., landfilling process). 
Control tests were conducted with single layer GCLs. 

2.3. Transmissivity and permeability characteristics of the geotextiles of 
the GCL 

The transmissivity and permeability characteristics of the geotextiles 
of GCLs were independently evaluated as part of this study to estimate 
the theoretical horizontal flow through geotextile layers at GCL overlap 

region (Fig. 1b). To measure the in-plane flow capacity of the geo-
textiles, namely transmissivity, an experimental method was used with 
the set-up proposed by Abuel-Naga et al (2012). The detailed setup is 
discussed in the appendix (Fig. A1). The transmissivity values of the 
geotextiles were determined using constant head tests at effective stress 
of 20 kPa. The effective stress was then increased to 100, 250, and 500 
kPa to determine the impact of stress on the transmissivity of geotextiles. 
For the transmissivity tests, the hydraulic gradient used was chosen as 
10. The following equation was used to determine the transmissivity of 
geotextile (θ): 

θ =
Q

IPGTX
(1) 

where θ = transmissivity (m2/s); Q = measured flow (m3/s), I =
hydraulic gradient; and PGTX = cross-sectional perimeter of the geo-
textile (m). In order to calculate the horizontal flow through geotextiles, 
the permeability of the geotextiles also had to be calculated. The 
following equation was used for this purpose: 

kGTX =
θ
d

(2) 

where kGTX = permeability of geotextile (m/s); and d = thickness of 
geotextile (m). 

The thickness of the geotextiles was determined using a traditional 
consolidation cell that had the ability to apply different confining stress 
conditions and measure the corresponding deflections (i.e., changes in 
geotextile thickness). For this evaluation, ten layers of geotextile were 
stacked on top of each other. The thickness of both nonwoven and 
woven geotextiles was evaluated under confining stresses of 20, 100, 
250, and 500 kPa. To determine the thickness of one layer of geotextile 
(d), each measurement under each stress condition was divided by ten. 

Table 1 presents the measured thickness of the geotextiles (d), lab-
oratory determined transmissivity (θ), and calculated in-plane perme-
ability (k) values corresponding to different effective stress conditions 
for different geotextiles (i.e., kNW-GTX for nonwoven geotextile and kW- 

GTX for woven geotextile). 

2.4. Bases of interpretation of the GCL overlap evaluations 

2.4.1. Calculating hydraulic conductivity for each of the overlap GCL tests 
Tests conducted in this study were based on falling head hydraulic 

conductivity procedures. The equation to calculate hydraulic conduc-
tivity (k) based on such set-up is as follows: 

k =
aL
At

ln(
h1

h2
) (3) 

where a is the cross-sectional area of the reservoir containing the 
influent liquid (m2); t is the elapsed time between the determination of 

Fig. 1. (a) Plan view of GCL overlap specimens (b) Cross section views of GCL 
overlap specimens (c) Test set-ups of GCL overlap specimens. Note: The white 
arrow indicates the flow vertically passing through the GCLs. The black arrow 
indicates horizontal flow passing within the overlap region. 

Table 1 
Thickness, transmissivity and permeability of NW and W geotextiles at different 
effective stress conditions.  

Effective 
stress (kPa) 

NW geotextile W geotextile 

dNW 

(mm) 
θNW− GTX 

(m2/s) 
kNW− GTX 

(m/s) 
dW 

(mm) 
θW− GTX 

(m2/s) 
kW− GTX 

(m/s) 

20  1.280 3.0 ×
10− 7 

2.4 ×
10− 4  

0.689 1.2 ×
10− 7 

1.7 ×
10− 4 

100  0.932 2.2 ×
10− 7 

2.4 ×
0− 4  

0.549 5.6 ×
10− 9 

1.0 ×
10− 5 

250  0.707 7.6 ×
10− 8 

1.1 ×
10− 4  

0.349 5.2 ×
10− 11 

1.5 ×
10− 7 

500  0.591 5.4 ×
10− 9 

9.1 ×
10− 6  

0.229 1.3 ×
10− 11 

5.6 ×
10− 8 

Notes: d: thickness of geotextiles, θ: transmissivity of geotextiles, k: permeability 
of geotextiles, NW: nonwoven geotextile of the GCL, and W; woven geotextile of 
the GCL. 
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h1 and h2 (in seconds); h1 is the head loss across the specimen at time t1 
(m); and h2 is the head loss across the specimen at time t2 (m), L is the 
thickness of the media that governs the flow (m), A is the cross-sectional 
area of the media that governs the flow (m2). Eq. (3) assumes that all of 
the flow occurs in the vertical direction. In the case of the overlap tests, 
this may or may not be true because there is a possibility that some of the 
flow may occur horizontally through the overlap region (see Fig. 1b). 

In the overlap tests conducted in this study, the thickness of the 
media that governs the vertical flow is not uniform within the sample. 
This is because, in the zones where GCL is placed as a single layer and 
where GCL is overlapped, the thickness of the bentonite (L) is different 
(see Fig. 1). Additionally, within the overlap region, the presence of 
supplemental bentonite also contributes to the thickness. To account for 
this, a mathematical term herein referred to as equivalent thickness (Le) 
is developed in this study. 

Equivalent thickness (Le) can be calculated by taking into account 
that in each zone of the sample, the area and the thickness of the 
bentonite within the GCL can be determined. Fig. 1 shows three zones, 
two of which are designated as A1 for the areas that represent the zones 
for single GCLs and A2 for the area that represents the overlapped GCL 
zone. Each A1 area is 0.005319 m2 and A2 area is 0.007594 m2. The 
thickness of the bentonite in the A1 region is equivalent to the thickness 
of the single layer of bentonite (L), herein referred as L1. In the A2 region, 
there are two bentonite layers and supplemental bentonite. The mass per 
unit area of supplemental bentonite used in this study was 2.37 kg/m2. 
For one GCL (that has a thickness of L1), the mass per unit area of the 
bentonite is reported as 3.6 kg/m2 by the manufacturer. Therefore, it is 
estimated that the thickness of the bentonite to satisfy the 2.37 kg/m2 

mass per unit area, the thickness of the bentonite has to be approxi-
mately 65.8% of L1 (or 0.66 L1). Based on this estimation, the overall 
thickness of the overlap region with the supplemental bentonite would 
equate to 2 × L1 + 0.66 L1 = 2.66 L1. 

Therefore, the total flow through GCL that passes through the total 
area of QTotal can be calculated as shown in Eq.4: 

QTotal = 2 × Q1 +Q2 (4) 

where QTotal is the total flow through GCL overlap specimen, Q1 is 
the flow through A1 region, and Q2 is the flow through A2 region. The 
equation can be re-written as Eq. (5). 

ka
ΔH
Le

A = 2k ×
ΔH
L1

A1 + k ×
ΔH
L2

A2 (5) 

where ka is the apparent hydraulic conductivity of overlap specimen, 
Le is the equivalent thickness of GCL overlap samples. Le can be deter-
mined as a function of L1 as Le = 1.35 L.Le was used for the tests con-
ducted with the supplemental bentonite scenario. 

Once the term Le is established for each testing condition, this 
parameter was used to replace the L in Eq. (3) to calculate the vertical 
hydraulic conductivity for each of the overlap GCL tests. 

2.4.2. Total, vertical and horizontal flow scenarios through the GCL 
overlap region 

For GCL overlap region, two possible flow scenarios may occur at the 
overlap region (vertical vs. horizontal flow) (Fig. 1b). Analyzing the 
hydraulic conductivity of GCL overlap with Eq. (3) cannot provide 
insight about the proportions of the total flow that may be due to vertical 
or horizontal flow. Therefore, tests were conducted with single layer 
GCL to different CaCl2 solutions to estimate the vertical flow, while 
theoretical horizontal flow through geotextiles was also measured and 
predicted. 

To interpret the test results and to estimate the proportions of the 
flow that may be due to vertical versus horizontal scenarios, the 
following formulations were used with the assumption that in all cases 
the hydraulic head (ΔH) was assumed as constant and 1 m. 

Total flow calculated from each overlap test (not differentiating 
between horizontal and vertical flow) (QTotal): 

QTotal = k ×
ΔH
Le

× ATotal (6) 

where k is determined from Eq. (3), Le is determined from Eqs. 4 or 5, 
and ATotal is calculated as 2A1 + A2 (Fig. 2). 

Flow through single (1) GCL (representing the purely vertical flow 
condition): 

QVert− 1− GCL = k ×
ΔH
L1

× ATotal (7) 

where k is determined from experiments conducted with single GCL, 
L1 is the thickness of the bentonite within the tested single GCL, and 
ATotal is the cross-sectional area of the GCL sample. 

Flow within the planes of the GCL geotextiles in the overlap tests 
(representing the maximum possible calculated horizontal flow condi-
tion through geotextiles without bentonite extrusion) (QHorz-NW+NW, 
QHorz-NW+W): 

The horizontal flow may take place either within the plane of the 

Fig. 2. Hydraulic conductivity of GCL overlaps (a) and single layer GCL (b) as a 
function of different effective stress and permeant solutions. 
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geotextile or the bentonite in between the two GCLs. The bentonite may 
be placed during construction, which is expected to infuse into geo-
textiles as the effective confining stress increases. As shown in Table 1, 
the permeability of the geotextiles that were intact to the GCLs was in 
the range of 10− 4 m/s under 20 kPa effective stress conditions. Even 
under 500 kPa stress conditions, the permeability still stayed within the 
range of 10− 8 m/s (Table 1). When compared with the typical hydraulic 
conductivity of bentonite (e.g. < 10− 10 m/s) (Tian et al., 2016), the 
ability of the geotextiles to permeate fluid is significantly higher. Thus, 
when determining the calculated horizontal flow through the overlap 
region, the evaluations in this study have focused on the horizontal flow 
being through the geotextile and not through the supplemental 
bentonite that is present in-between the two GCLs at the overlap zone. 

In the case where the flow occurs through both of the geotextiles, the 
horizontal flow is estimated as: 

QHorz− NW+NW = 2 × kNW − GTX ×
ΔH

loverlap
× ANW− GTX (8)  

QHorz− NW+W = kW− GTX ×
ΔH

loverlap
× AW − GTX + kNW − GTX ×

ΔH
loverlap

× ANW− GTX

(9) 

where QHorz-NW+NW represents the maximum calculated horizontal 
flow through both clean NW geotextiles (e.g., without bentonite intru-
sion) for the NW-NW GCL overlaps with the supplemental bentonite 
method (Eq. (8)), QHorz-NW+W represents the maximum calculated hor-
izontal flow through both W and NW geotextiles for the NW-W GCL 
overlaps (Eq. (9)). loverlap is the length of the overlap region, equal to 
50.8 mm. k is the hydraulic conductivity of NW or W geotextiles (shown 
in Table 1). The cross-sectional areas (ANW-GTX or AW-GTX) shown in 
Eqs.8 and 9 were estimated as a function of the geotextile thicknesses 
under different confining stress conditions as 0.1437 × dNW or W (ob-
tained from Table 1) (m2). 

3. Results and discussions 

3.1. Hydraulic conductivity test results 

Hydraulic conductivity of GCL overlaps (apparent hydraulic con-
ductivity) and single layer GCL tested with different saline solutions (e. 
g., 10, 20, 50 mM CaCl2) and DI water under 20, 100, 250, and 500 kPa 
confining stress are shown in Fig. 2. An example of the temporal 
behavior of the apparent hydraulic conductivity of GCL overlaps as a 
function of confining stress is shown in Appendix (Fig. A2). Regardless of 
the GCL type and the permeant solution, as the confining stress condi-
tions are increased, the apparent hydraulic conductivity in each test 
decreased. This observation as it relates to trends supports the previous 
observation from single GCLs that were tested for hydraulic conductivity 
(Bradshaw et al., 2016, Li et al., 2021). 

At 20 kPa confining stress condition, none of the overlap tests, 
regardless of the type of GCL and the solution, had apparent hydraulic 
conductivity<1 × 10− 10 m/s (Fig. 2a). When the effective stress 
increased to 100 kPa, for GCL overlaps permeated with DI water 
permeability decreased to 7.7 × 10− 12 to 1.8 × 10− 11 m/s for NW-W and 
NW-NW samples respectively (Fig. 2a). As the confining stress increased 
to 250 kPa, the apparent hydraulic conductivity of NW-W and NW-NW 
GCL overlaps to 10 mM CaCl2 solution also met the minimum regulatory 
requirement. All other test results with 20 and 50 mM CaCl2 solutions 
showed unacceptable apparent hydraulic conductivity even under 500 
kPa confining stress conditions (Fig. 2a). 

To be able to estimate the flow through a single layer of GCL and to 
compare the results with the overlap tests, hydraulic conductivity tests 
were also conducted on single GCLs under different vertical pressures 
and with the same permeant solutions that were used in GCL overlap 
tests (Fig. 2b). The single GCL hydraulic conductivity tests also showed 
that there was little difference in hydraulic conductivity between the 

GCLs with NW-NW and NW-W geotextiles. This supports the theory that 
in single GCL tests where the flow is perpendicular to the direction of the 
GCL, the overall hydraulic conductivity of the GCL is controlled by the 
Na-B layer. Single layer GCLs showed lower hydraulic conductivity than 
that of the overlap tests at the same testing condition. When the 
permeability of a single GCLs is compared to those of GCL overlaps 
permeated with the same leachate and at the same effective confining 
stress, it is seen that there is a significant difference. For example, hy-
draulic conductivity of single GCL was 1.0 × 10− 10 m/s when permeated 
with DI water and 10 mM CaCl2 at 20 kPa, whereas for the same per-
meant solutions, the flow within the GCL overlaps was in the order of 
2.8 × 10− 10 to 1.1 × 10− 9 m/s (much higher apparent hydraulic con-
ductivity). When permeated with 20, 50 mM CaCl2, the osmotic swelling 
of Na-B in the GCLs was inhibited, leading to large intergranular pore 
space and high hydraulic conductivity of single layer GCLs (>10− 10 m/ 
s). The hydraulic conductivity of single GCL was still higher than that of 
GCL overlaps when permeated with 20, 50 mM CaCl2. Additionally, 
when permeated with 20 mM CaCl2 solutions at 500 kPa effective 
confining stress, the single hydraulic conductivity of single GCLs (e.g., 
1.5 × 10− 11 to 9.5 × 10− 12 m/s) were approximately two to three orders 
of magnitude lower than those of GCL overlaps (e.g., 1.1 × 10− 9 to 1.1 ×
10− 8 m/s). Those observations indicate that horizontal flow through the 
geotextile occurred through the GCL overlaps. However, the comparison 
of the performance based on hydraulic conductivity values is not enough 
to quantify such differences. Such comparison requires to distinguish 
between the total, horizontal, and vertical flows within a GCL overlap 
test. Results associated with this comparison are presented in the sub-
sequent section. 

3.2. Comparison of Total, Horizontal, and vertical flow 

The total flow from GCLs could be obtained based on Eq. (6) from the 
hydraulic conductivity values obtained from GCL overlap tests. How-
ever, these flow values do not differentiate whether the flow has taken 
place vertically, horizontally, or both. Eq. (7) provides the total flow 
from single GCLs. Such information predominantly indicates the con-
ditions where the flow is vertical. To have a clue about the horizontal 
flow conditions, the permeability of the geotextiles extracted from GCLs 
also had to be known. Results of the hydraulic conductivity tests con-
ducted to measure the transmissivity of NW and W geotextiles are pre-
sented in Table 1. The results showed that as the confining stress 
increased the transmissivity of the geotextiles decreased (as expected). 
In the case of NW geotextile, the decrease is from 3.0 × 10− 7 to 5.4 ×
10− 9 m2/s and for W geotextile, the decrease is from 1.2 × 10− 7 only to 
1.2 × 10− 11 m/s. The measured transmissivity values under different 
vertical pressures were then used with the help of Eq. (2), to calculate 
the hydraulic conductivity of the W and NW geotextiles. Considering 
that the chemistry of the permeant solutions does not influence the 
amount of flow through geotextiles, calculations based on Eqs. (8) thru 9 
could be compared against the values obtained from Equations (6) and 
(7) to evaluate the conditions governed by horizontal vs. vertical flow 
conditions. Such comparison for each effluent condition is presented 
below. 

In each comparison, calculated maximum horizontal flow amounts 
were compared against the flow from single GCLs and total flow from 
overlapped GCLs. This comparison provides insight regarding whether 
the total flow shows indicatives of the calculated horizontal flow or 
vertical flow. The total, horizontal and vertical flow of GCL overlaps are 
calculated based on a one-meter constant head. In this comparison, the 
maximum hydraulic conductivity of 10− 10 m/s threshold has also been 
converted into the flow based on one-meter constant head and 150 mm 
diameter specimen. This threshold flow is calculated as 3.0 × 10− 10 m3/ 
s. 

3.2.1. Tests with DI water 
Fig. 3 presents the flow rate of GCLs tested with DI water. At 20 kPa, 
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the results show that the total flow of NW-NW GCL overlaps were close 
to the flow from single GCL tests (Fig. 3a), indicating that there was 
minimal horizontal flow. All total flow rates remained below the 3 ×
10− 10 m3/s threshold at elevated confining stress, illustrating that sup-
plemental bentonite overlap methods provide a good overlap for NW- 
NW GCLs when permeated with DI water. Similar behavior was 
observed for the NW-W GCL (Fig. 3b). This is most likely because the Na- 
B swells highly in DI water (36 mL/2 g) and intrudes into the NW geo-
textile sufficiently to significantly reduce the horizontal flow through 
the geotextile. Similar findings were also concluded by Di Emidio et al. 
(2008). As the effective confining stress increased, the flow of GCL 
overlaps kept decreasing, indicating horizontal flow through geotextiles 
may further decrease, because the Na-B is pressurized to the geotextile 
more tightly and therefore block the horizontal flow after being 
consolidated. 

3.2.2. Test with 10 mM CaCl2 solution 
Fig. 4 presents the flow rates when the GCLs were tested with 10 mM 

CaCl2 solution. The flow rate of single GCL to 10 mM CaCl2 mM solution 
was similar to that of single GCL to DI water (1.2 × 10− 11 m3/s vs. 2.3 ×
10− 10 m3/s) at 20 kPa effective confining stress. However, the total flow 
of NW-NW and NW-W GCL overlaps permeated with 10 mM CaCl2 were 
higher than those to DI water at low-stress condition (e.g., 20 kPa), 
indicating more horizontal flow through the geotextiles. The reason for 
this is possible that although the bentonite between the geotextiles 
swells and intrudes into the geotextiles, horizontal flow cannot be 
blocked completely due to the reduction of swelling of Na-B (e.g., 36 
mL/2 g in DI water vs. 22–24 mL/2 g in 10 mM CaCl2). 

Since the vertical flow is much lower than the horizontal flow, the 

Fig. 3. Total, horizontal, and vertical flow of GCL overlaps to DI water as a 
function of effective confining stresses: (a) NW-NW, (b) NW-W. 

Fig. 4. Total, horizontal, and vertical flow of GCL overlaps to 10 mM CaCl2 
solution as a function of effective confining stresses: (a) NN-NW, (b) NW-W. 
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total flow of overlap GCLs is controlled by the horizontal flow through 
geotextiles. The dye test was conducted with NW/NW GCL overlap using 
supplemental bentonite to determine preferential flow path (horizontal 
vs. vertical) using the method developed by Scalia and Benson (2010). 
The test was conducted at 20 kPa confining stress and the cross-section is 
shown in Fig. 5. The bentonite layer of GCL and supplemental bentonite 
layer remained in their original light gray color. In contrast, the geo-
textiles of GCL turned pink color after permeation. This observation 
indicates that the flow predominately occurred in the geotextile layer of 
the GCL overlap region, which illustrates the horizontal flow concept in 
this study as described in Fig. 1b. 

The total flow of GCL overlap decreased slightly as the effective 
confining stress increased from 20 kPa to 100 kPa (Fig. 4a and b), 
indicating that although the geotextile stick to the bentonite more 
closely at 100 kPa, and reduce the horizontal flow because of the 
consolidation, the total flow of overlap GCLs was still mainly controlled 
by the horizontal flow (geotextile). When the effective stress increased 
from 100 to 250 kPa, the total flow of NW-NW and NW-W GCL overlap 
decreased sharply. This again is interpreted as the geotextiles adhering 
to the bentonite more closely and the reduction of geotextiles’ thickness 
at 250 kPa. Meanwhile, more bentonite may be intruded into the geo-
textiles to block more pore space at higher stress levels. The combination 
of all these effects decreases the portion of the horizontal flow to the 
total flow of GCL overlaps, leading to shifting from horizontal flow 
control to vertical flow control scenario. The hydraulic conductivity of 
single NW-W and NW-NW GCLs showed similar hydraulic conductivity 
when permeated with CaCl2 solution as shown in Fig. 2(b). The total 
flow of NW-W GCL overlaps was lower than that of NW-NW GCL over-
laps at 250 kPa and 500 kPa, which may be attributed to the lower 
transmissivity of W geotextiles in comparison with NW geotextiles. 

3.2.3. Test with 20 mM CaCl2 solution 
Fig. 6 presents the flow values when the GCLs were tested with 20 

mM CaCl2 solution. The results show a similar trend with the specimens 
permeated with 10 mM CaCl2 but somewhat more pronounced. The test 
results of NW-NW and NW-W GCL overlaps were very similar in terms of 
total flow. With increasing effective stress, the total flow measured from 
the NW-NW and NW-W GCL overlaps specimens deviated from the flow 
of single GCLs and became closer to the theoretical horizontal flow 
through the geotextiles of the overlap, especially at 250 and 500 kPa 
confining stress. This can be explained by the fact that the consolidation 
of the Na-B in GCL reduced the vertical flow as the result of a single GCL, 
but the reduction in horizontal flow was limited when permeated with 
20 mM CaCl2. This is because swelling of Na-B was inhibited by the 20 
mM CaCl2 solution (17 mL/2g) and resulted in limited amount of Na-B 
intruding into the nonwoven geotextile to block the horizontal flow. 

3.2.4. Test with 50 mM CaCl2 solution 
Fig. 7 presents the flow rates of GCLs permeated with 50 mM CaCl2 

solution. This permeant solution is considered aggressive and tests 

Fig. 5. Cross-section showing preferential flow (bold yellow arrow) through geotextiles of NW/NW GCL overlap with supplemental bentonite permeated with 10 mM 
CaCl2 solution at 20 kPa confining effective stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 6. Total, horizontal, and vertical flow of GCL overlaps to 20 mM CaCl2 
solution as a function of effective confining stresses: (a) NN-NW, (b) NW-W. 
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conducted with single GCLs can be interpreted as controls. In both NW- 
NW and NW-W GCLs, the total flow conditions were significantly above 
the so-called threshold flow values (<3 × 10− 10 m3/s). This observation 
is not surprising considering that Na-B GCL cannot maintain low hy-
draulic conductivity (<10− 10 m/s) due to the suppression of swelling of 
Na-B in 50 CaCl2 mM (11 mL/2 g), as concluded in Jo et al. (2001), 
Scalia et al. (2014). 

In the case of NW-NW GCLs, the calculated horizontal flow of geo-
textiles, vertical flow of single GCL, and total flow of GCL overlap 
specimens decreased as effective confining stress increased. The total 
flow of GCL overlaps was closer to the horizontal flow (single GCL), 
indicating that both horizontal and vertical flow contributed to the total 
flow. When the effective stress increased to 250 kPa and 500 kPa, the 
difference between the total flow of GCLs overlaps and the vertical flow 
of singe GCL became larger, indicating the total flow of GCL overlaps 

was controlled more by the horizontal flow (geotextile). At 500 kPa, the 
QTotal-S-B was higher than the calculated maximum flow through geo-
textiles (QHorz-NW+NW), indicating that some of the horizontal flow may 
also occur through the supplemental bentonite layer between the two 
GCLs. The supplemental bentonite layer appears to not be able to pre-
vent the horizontal flow completely due to the suppression of swell of 
Na-B in 50 mM CaCl2 solution (e.g., 10 to 11 mL/2 g). 

In the case of NW-W GCL overlaps, the GCL had a higher flow than 
that of a single GCL, illustrating that horizontal flow occurred through 
the GCL overlap region. The total flow through the NW-W GCL overlap 
with the supplemental bentonite method was higher than the calculated 
horizontal flow through both NW and W geotextiles, which may be 
interpreted as horizontal flow also occurred at the supplemental 
bentonite layer. A similar interpretation was also discussed for the NW- 
NW GCL overlaps under 500 kPa confining stress. 

4. Summary and conclusions 

This study was conducted to evaluate the hydraulic performance of 
GCL overlaps that are prepared using the supplemental bentonite 
method. Na-B GCLs consisting of different geotextile combinations (NW- 
NW and NW-W) were used. GCLs were permeated with DI water and 
CaCl2 solutions. CaCl2 solution concentrations were selected as 10, 20, 
and 50 mM to simulate dilute and aggressive leachates. Hydraulic 
conductivity tests were conducted at 20, 100, 250, and 500 kPa effective 
confining stress to mimic the effect of the mass of the waste body. To 
determine the efficiency of the overlaps in terms of vertical and hori-
zontal flow conditions, supplemental tests were also conducted with 
single GCL and geotextiles alone. Hydraulic conductivity tests with 
single GCLs were evaluated to assess the vertical flow under the same 
test conditions as followed for the GCL overlap tests. Hydraulic con-
ductivity tests with NW and W geotextiles extracted directly from the 
GCL samples were used to assess transmissivity. This information was 
used in estimating the calculated horizontal flow through the geotextile 
component of the GCLs within the overlap region. 

The following conclusions are based on the findings of this study:  

1) Comparative hydraulic tests were conducted with NW-NW GCL and 
NW-W GCL overlaps. Results were similar to each other at the same 
testing conditions.  

2) The flow through overlap setup permeated with DI water appeared to 
be similar to the flow of single layer GCL at the same test condition, 
especially at higher confining stresses. This indicates that the hori-
zontal flow through the GCL overlaps was blocked effectively when 
GCLs are permeated with DI water. However, in the case of tests 
conducted with saline solution, the total flow obtained from the tests 
conducted with the GCL overlap setup was higher than that of single 
layer GCL. This indicates the appearance of horizontal flow.  

3) As the CaCl2 concentration of the saline solution increases, the 
possible horizontal flow path appears to also be changing. When the 
permeant solution is less aggressive in terms of CaCl2 concentration 
and when minimum vertical stress is applied (such as in the case of 
10 mM CaCl2 solution at 20 kPa test), the horizontal flow path 
mainly occurs through the carrier geotextiles (NW or W) on GCL 
overlaps. When permeated with aggressive saline solutions (50 mM), 
horizontal flow may also occur through the supplemental bentonite 
layer in between the two overlapped GCLs. 

4) The horizontal flow through GCL overlap was reduced as the effec-
tive confining stress increases. However, such affect was more pro-
nounced in tests conducted with less aggressive permeant solutions. 
For example, when permeated with 10 mM CaCl2 solution, the hor-
izontal flow through the overlap region for GCLs were blocked 
effectively for the confining stresses at 250 and 500 kPa. For the 
same vertical stress conditions, when tests were conducted with 20 
mM and 50 mM CaCl2 solutions, the horizontal flow was reduced, but 
not blocked. 

Fig. 7. Total, horizontal, and vertical flow of GCL overlaps to 50 mM CaCl2 
solution as a function of effective confining stresses: (a) NN-NW, (b) NW-W. 
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Although the overlap zones in the field applications constitute only a 
small percentage of the total coverage area, this study indicates that 
those zones deserve a more detailed evaluation as they may constitute 
weaker zones in terms of flow. It is undoubtedly agreed that further 
studies are needed to confirm that the observations noted in this study 
hold true when the overlap region is extended to 150 mm. This is 
because the effects of sample size may affect the test results. 
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