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ABSTRACT

Areas vulnerable to catastrophic disasters such as hurricane, landslide and earthquake require 
ready and sustainable solutions for the post-pollution scenarios. Clinoptilolite type zeolite re-
sources of Türkiye can serve economical and sustainable solutions as a quick response. While 
the studies on compacted zeolite-bentonite mixture at optimum water content for the landfill 
liners applications or dry zeolite-sand mixtures in permeable reactive barrier (PRB)s are com-
mon, the slurry form of zeolite emplacement at subsurface reactive barriers has not received 
an attention by the researchers. In this context, this experimental study presents the prelimi-
nary findings on one-dimensional consolidation and hydraulic conductivity tests performed 
on crushed zeolite samples S1 and S2 with fine contents of 33 and 84%, respectively. The 
results indicate that S2 has a higher compression index than S1, without a significant change 
in swelling index attributed to less than 4% clay contents. A self-designed rigid wall type per-
meameter was used to study on reconstituted slurry like materials under the benefit of back 
pressure saturation without the consolidation during testing that encountered in flexible wall 
permeameter. Falling head – rising tail water procedure was adopted under the back pressure 
in between 200 and 700 kN/m2. S2 samples reconstituted under 25, 50, 100 and 200 kN/m2 
show a gradual decrease in kv from 3×10-8 to 2×10-9 m/s. Previous observations on the sample 
of S1 revealed 8 times higher kv values under the same σv'. Since the fine content of zeolite 
limits kv, the proposed permeameter will be beneficial to determine the proper grain size dis-
tribution of fill materials considering the barrier height and in-situ stress conditions before the 
environmental studies with leachate.
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1. INTRODUCTION

Hurricanes, landslides and earthquakes are one of the 
catastrophic disasters that result in economical and human 
losses globally. Decision makers are responsible to define 
and get precautions against this type of natural events that 
may affect their region locally. Since past, engineers have 

been conducting scientific studies in geoenvironmental 
projects to reduce risk of loss of life and property. In this 
context, waste management strategies are discussed on 
sustainable solutions for post pollution events [1-7]. Based 
on the contamination scenarios, the barriers against the 
site-specific pollutants were previously studied considering 
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the constructability, and readily available or near sources 
of the reactive fill material in the region for a quick and 
economical response. 

Soil-bentonite (SB) and cement-bentonite (CB) based 
impermeable reactive walls are widely used to prevent the 
spread of contamination in the soil environment [8]. Fly 
ash [9] and steel slag [10] may also be used as ingredients 
that are effective to immobilize the contamination and 
increase the shear strength of the wall section. On the con-
trary, sand can be added to reduce the cost or increase the 
permeability of the barrier [11, 12] in case the permeable 
reactive barrier (PRB) methodology requires a more per-
meable material used in the barrier than the aquifer soil [8, 
13-19] to control and treat the contaminated groundwater 
while passing through, based on its reactivity against the 
heavy metals [20, 21], chlorinated organics [22], radionu-
clides [23] etc in the soil. This alternative passive technol-
ogy may involve one or more reactive materials in a barrier 
such as zero-valent iron (ZVI) [24-27], hydroxyapatite [28], 
and activated carbon [29] or natural rocks; limestone [30], 
attapulgite [31], sepiolite [32-34], zeolite [12, 33-36] which 
have been mechanically brought to a certain grain size or 
processed minerals such as organoclay [37-38] and organo-
zeolite [38]. 

The constructability, stability and permeability of the 
wall section are reported to be related to the local geologi-
cal and groundwater conditions [15, 39-41]. Emplacement 
methodology of a reactive material in an excavated trench 
defines the initial porosity along the barrier. However, it 
can be changed by inundation or in-situ stress conditions 
based on the initial moisture content (e.g. placement at dry 
state, a predesignated water content, or in slurry form). In 
literature, there are limited number of studies about the 
stress distribution on the SB slurry trench cutoff walls [42-
44]. The measured horizontal effective stresses within a 7 m 
high SB wall were pointed out to be considerably less than 
the expected geostatic stresses [43]. The hydraulic conduc-
tivity of SB is highly stress-dependent and increases with 
increasing fines content [43]. The stress dependency on 
hydraulic conductivity needs to be taken into consideration 
during design stage and this issue can be overcome by uti-
lization of well graded backfill material [41]. However, it 
should be noted that these properties can change signifi-
cantly when the fill material or construction methodology 
changes. Therefore, the environmental studies based on 
a single porosity value may not be sufficient to simulate 
the in-situ conditions of the reactive material especially 
when the barrier height increases, thus the porosity value 
decreases with increasing overburden stress. The perfor-
mance of the barrier may be optimized by interpreting the 
porosity-overburden pressure-hydraulic conductivity rela-
tionship of a reactive material prepared at different grain 
size distributions. The breakthrough curves developed 
using the proper grain size of reactive material prepared at 
the designated porosity values will be beneficial to predict 
the longevity of the barrier. 

Zeolite is one of the sustainable reactive materials appli-
cable in remediation projects for groundwater pollution 
due to the high cation exchange capacity (CEC). [34-43]. 
Clinoptilolite-type zeolite showed more than 80% removal 
efficiency against the contaminants NH4

+, Pb+2 and Cu+2 
ions in column and batch trials [12]. In that study, zeolite 
with a particle size range of 0.42–0.85 mm was amended 
with a local sand at a ratio of 20:80 (w/w) by mass to reduce 
the construction costs. Clinoptilolite-type washed zeolite 
had been found to be a suitable material for PRB consider-
ing the comparable shear strength of the mixture (ϕ=28.9°) 
with the aquifer soil (ϕ=27.3°), and higher permeability 
coefficient values of zeolite (k=2 × 10-5m/s) than the aqui-
fer soil (k= 7 × 10-6 m/s). The field column tests were con-
ducted to predict changes in the barrier during operation 
and to verify the longevity of barrier under the field con-
ditions [12]. Villalobos et al. [45] performed compaction, 
consolidation and direct shear tests on compacted tuff zeo-
lite with particle size of coarse sand, fine sand, silt and 15% 
clay reporting that the increase in fine fraction reduced the 
shear strength related to the higher water content which 
was attributed to the chemical structure of zeolite.

A significant portion of the world’s zeolite reserves are 
in Türkiye [46, 47], thus there are a number of studies about 
the use of local zeolite in geoenvironmental practice [33-
36, 48-51]. Tuncan et.al. [51] performed geotechnical tests 
on the compacted mixtures of bentonite, sand and fine size 
crushed natural zeolite and investigated the environmental 
characteristics when waste disposal leachate is used as an 
influent by analyzing Pb, Ni, Zn, Cu and Cr concentrations. 
The zeolite additive at 10% by weight was suggested for 
the landfill bentonite liners under municipal waste, which 
benefits from the high cation exchange capacity compared 
to the lean bentonite. Cevikbilen [35] compared the com-
pression behavior of dry and inundated 67% sand, 33% fine 
particle size fraction of a local raw zeolite, and performed 
permeability tests to predict the hydraulic conductivity of 
a zeolite barrier along the depth of a trench by performing 
experimental and numerical analyses. The numerical mod-
els predicted that the hydraulic conductivity of the barrier 
would significantly decrease below 20 m depth considering 
the relationship observed experimentally between over-
burden pressure, void ratio and permeability. The shear 
strength of the inundated zeolite exhibits conservative val-
ues compared with the dry zeolite regarding to the result 
of the direct shear tests in which the shear strength angle 
ϕ decreased from 38 to 35° even though a slight increase of 
cohesion is observed. 

Use of slurry form of the zeolite may be a proper 
emplacement methodology considering the observed 
values of high consolidation coefficients and the lower 
values of secondary compression and swelling indexes. 
Even though chemically identical composition and micro-
scopic structure results in similar affinity towards pol-
lutant removal from aqueous sources, the increase in the 
fine-grained fraction of zeolite may significantly reduce 
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the seepage velocity through a permeable barrier that may 
result in a scenario where the contaminated water bypasses 
the PRB. Hence, the effect of fine-grained fraction on 
the behavior of slurry-like zeolite should be discussed in 
advance to control the hydraulic conductivity along the 
barrier. In this respect, this study fills a gap about the effect 
of gradation on the permeability of a locally supplied raw 
Clinoptilolite-type zeolite rock prepared with mechanical 
crushers to be used as a reactive material at the sub-surface 
barrier. The hydraulic conductivity of zeolite emplaced in a 
trench at the slurry form was modelled experimentally after 
the consolidation stage under its self-weight using a rigid 
wall permeameter specifically designed for this study. Fine-
grained zeolite was prepared at 1.5 times the liquid limit 
and applying one-dimensional compression allowed the 
consolidation of the samples under the overburden pres-
sures within the range of 25 to 200 kN/m2 to simulate the 
specimens in the deeper depths of the subsurface barrier 
with lower values of porosity. The permeability tests were 
conducted on these samples in the self-designed permeam-
eter, which offered the advantage to apply a back pressure 
up to 700 kN/m2 after the fully saturation had been verified. 
The comparison of void ratio - vertical effective pressure 
- the hydraulic conductivity relationship observed for the 
two specimens of crushed zeolite with different gradations 
presented that any increase in the fine particle size fraction 
or the overburden pressure decreased the hydraulic con-
ductivity significantly. Consequently, an arrangement in 
grain size distribution of the same source reactive material 
from finer through coarser proportional with overburden 
pressure was proposed to improve the remediation perfor-
mance along the depth of a subsurface barrier in harmony 
with the hydraulic conductivity of the adjacent soil profile. 

2. MATERIALS AND METHODS

The source of the zeolite was from the Gördes district 
of Manisa province in Türkiye. Commercially available two 
fractions of the raw samples were supplied from the Gördes 
Zeolite Company. Fig. 1 shows the grain size distribution of 
samples S1 and S2 which have the particle sizes in between 
0 - 2.0 mm, and 0 - 0.2 mm, respectively. The index proper-
ties of the samples were determined with respect to the rel-
evant standards summarized in Table 1. Swelling potential 
of the zeolite was 3.5 mL/2g according to the ASTM D5890 
method [52].

The zeolite specimens of the region are mostly reported 
to contain hydrated K, Ca, Mg, Na alumina-silicates [57]. 
Studies on identification and the origin, mineralogical and 
petrographic analysis of the rock samples of the source 
material with X-Ray Diffractometer illustrates that the 
major chemical compositions of the zeolite of this study are 
71.6% SiO2, 11.3% Al2O3, 3.67% K2O, 2.27% CaO and the 
others are less than 1% by weight [35, 58]. Consequently, it is 
classified in 70~85 % Clinoptilolite-type zeolite group with 
the ratio of SiO2/Al2O3 in between 5.0~6.3% at the source. 

Uygur et.al [57] compared the zeolites of two mining com-
panies in Gördes region and presented that Gördes Zeolite 
Company had more impurities and involved tectosilicates 
such as 5% cristobalite and tridymite. The Scanning Electron 
Microscope (SEM) image taken at 3000 magnification fac-
tors of the zeolite sample used in the study (Fig. 2) confirms 
that the shape of the particles is varying from needle-shaped 
zeolite fibers to spherical-shaped amorphous structures. 

The zeolite samples were prepared in the slurry form 
at water contents equal to 1.5 times the liquid limit. After 
the 24 hours of conditioning period of the slurry in a sealed 
container, a glass funnel was used while placing the remixed 
slurry samples in the test molds. Keeping the tip of the funnel 
inside the slurry, the tip was gradually raised from bottom to 
top. Thereafter, lateral light strokes were applied to the mold 
to minimize the air voids and finally a stainless-steel spatula 
was used to level the surface of the slurry.

Table 1. Index properties of zeolite

Sample S1 S2 Standard
Gravel (%) (>4.76 mm) - - ASTM D6913 [53]
Sand (%) (4.76-0.075 mm) 67 16 ASTM D6913 [53]
Silt (%) (0.075-0.002 mm) 29 82 ASTM D7928 [54]
Clay (%) (<0.002 mm) 4 2 ASTM D7928 [54]
D85 (mm) 0.600 0.077
D50 (mm) 0.164 0.030
D15 (mm) 0.014 0.008
D10 (mm) 0.0069 0.0055
Liquid limit, LL (%) 58 55 ASTM D4318 [55]
Plastic limit, PL (%) 39 38 ASTM D4318 [55]
Plasticity index, PI (%) 19 17 ASTM D4318 [55]
Specific unit weight, Gs 2.39 2.38 ASTM D854 [56]

Figure 1. Grain size distribution of the samples.
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One dimensional consolidation behavior of the samples 
was investigated in a consolidometer with an inner diame-
ter of 63 mm and height of 40 mm. Two-way drainage was 
allowed at the top and bottom ends with the porous stones. 
The vertical loading was applied with a unit increment ratio 
in accordance with ASTM D2435 [60]. Time dependent 
vertical displacement were recorded by LVDT to check the 
end of primary consolidation at each load increment in a 
predesignated load duration of 24 hours.

Permeability tests of the zeolite samples were con-
ducted in a new rigid wall stainless steel mold within the 

45×45×45 mm inner dimensions. A front-loading arm 
type conventional consolidation test frame was modified to 
reconstitute the slurry at a predesignated overburden pres-
sure in the mold on which an extension collar was initially 
attached. After a seating pressure of less than 5 kN/m2 had 
been applied, the vertical load was gradually increased up 
to final effective consolidation pressure σv' values of 25, 50, 
100 or 200 kN/m2. During the reconstituting, a unit load 
increment ratio was adapted and the load increment dura-
tions were at least 24 hours. As in consolidometer, two-way 
drainage was allowed through the top and bottom porous 
ends. After the primary consolidation had finalized with 
respect to the settlement versus time data recordings, the 
cell chamber and the collar were removed. Then the excess 
height of each sample was trimmed, and the top cover of the 
mold was closed which has a porous end mounted inside. 
The vertical permeability test with respect to falling head 
– rising tail water procedure was performed with respect 
to Method C of ASTM D5084 [61] on the reconstituted 
samples in the mold which were connected to a Trautwein 
M100000 standard pressure panel through the top and bot-
tom ends. Time dependent influent and effluent volumes 
of water passing through the sample was followed through 
the burettes on the panel during the test. The experiments 
were repeated at least 4 times under condition at which the 
hydraulic gradient was less than 5. Fig. 3 summarises the 
steps of the sample preparation and testing procedure.

Figure 3. (a) Mold with collar piece (b) consolidation cell chamber (c) reconstituting S2 sample under 50 kN/m2 consolida-
tion pressure at modified front loading arm consolidation test setup (d) the sample before trimming after the collar piece 
was removed (e) the permeability test under 700 kN/m2 back pressure.

Figure 2. SEM image of Zeolite (x3000) [59].



J Sustain Const Mater Technol, Vol. 8, Issue. 3, pp. 233−242, September 2023 237

3. RESULTS AND DISCUSSION

The subsurface barriers can be constructed as imperme-
able, permeable or the combination of both to limit, direct 
or treat the pollution in a contaminated region. While the 
k values of SB below 1×10-7m/s are assumed to be sufficient 
for slurry cut off walls, in case of PRBs the k value of the 
reactive barrier should be higher than the aquifer soil. The 
fine content in fill material plays an important role on the 
hydraulic conductivity of the barriers. Since the construc-
tion methods and economic factors limits the installed 
thickness of the barriers less than 2 m in the direction of the 
groundwater flow for the zeolite-based barriers [14, 39], the 
use of proper graded samples in testing programs is essen-
tial. The sorption capacity and residence time inputs used 
in the mathematical models to predict the necessity in reac-
tive material replacement will have a significantly impact 
on the economics of the system.

Before the long-term laboratory tests, the index prop-
erties of the fill material and the aquifer soil may be used 
for preliminary assessments to determine the interaction 
between them. Based on their grain size distribution, the 
filtration criteria stated by [62] as

D15 filter < 5×D85 soil  (1)

 (2)

D50 filter < 25×D50 soil (3)

can be used to arrange the gradation of fill material con-
sidering the soil environment. Contrary, designating the soil 
type of the environment for a specific filler is applicable. In 
this context, the listed values in Table 1 presents that sample 
S1 will be a proper filter material for a soil stratum in which 
D85>0.0028 mm, D50>0.0065 mm, 0.0035 mm>D15>0.0007 
mm. while sample S2 is proper for a soil with D85>0.0016 
mm, D50>0.0012 mm, 0.0020 mm>D15>0.0004 mm. Hence, 
S2 offers a better filtration potential if the soil stratum has 
higher fine size particle content. 

Since the zeolite in the slurry form at the initial case has 
direct contact with the aquifer soil, seepage property of zeo-
lite can also be checked. The solid particles in the slurry, 
cannot permeate or can permeate the soil stratum or can 
flow out through the pores in soil stratum with respect to 
the n parameter n<2 or 2<n<4 or n>4 respectively which is 
defined by 

 (4) 

In case of a slurry composed of S1 and S2 samples, 
the zeolite particles cannot seep, can seep, or flow out 
through the pores in the soil stratum which has D15<6 mm, 
6  mm<D15<12  mm or D15>12  mm, and D15<0.77  mm, 
0.77  mm<D15<1.54  mm or D15>1.54  mm, respectively. 
Considering a homogenous aquifer soil condition, S1 has 

lower seepage potential than S2 that S1 is properly used in 
sand and fine-grained soils, while S2 is applicable in only 
fine-grained soils. 

The consistency limit tests presented that S1 has slightly 
higher value of liquid limit than S2 due to the higher 
amount of clay size particle. Practically, the change in fine 
fraction did not result in a significant change at plasticity 
and specific unit weight of the zeolite samples. 

One dimensional consolidation behavior of the zeolite 
slurry samples S1 and S2, which have 33% and 84% fine frac-
tion respectively, was determined. Fig 4 presents an exam-
ple for the compression ratio versus logarithm of time plot 
observed under 100 kN/m2 vertical pressure at S1. These 
recordings showed that primary consolidation duration is 
approximately 10 minutes for S1 under 100 kN/m2 verti-
cal stress. It was attributed to the predominant sand or silt 
size particles with the clay fraction below 4% for both of the 
samples. Therefore, it might be projected that zeolite-based 
barrier system in the field will settle under its own weight 
in a limited time domain which would consequently result 
in an apparent change in void volumes through the barrier 
with a direct impact on the performance of the barrier.

Consolidation curves of both S1 and S2 are presented 
in Figure 5. During loading stages, the void ratio values for 
S2 were observed higher than S1 at the same stress levels. 
However, at approximately 800 kN/m2, both consolidation 
curves converge to each other, indicating that the effect 
of fine fraction by weight was negligible. The compres-
sion index, Cc of S1 and S2 was calculated to be 0.225 and 
0.264, respectively. Compression indices of Clinoptilolite 
type zeolite remolded at its liquid limit has been reported 
as 0.194, with an initial void ratio of 1.184, which is in 

Figure 4. Consolidation behavior of S1 sample under 
100 kN/m2 stress level with time.
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agreement with the results, since the initial void ratio of S2 
is 1.47, hence a larger compression index is expected. For 
Terzaghi [63] proposed the compression index, Cc value for 
natural undisturbed soils as

Cc = 0.009 × (LL - 10) (5)

where LL: the liquid limit (in %). However, the pre-
dicted values around 0.400 by Equation 5 was lower than 
the observed values. In unloading stage performed after 
800 kN/m2, the swelling index, Cs of S1 and S2 was deter-
mined as 0.015 and 0.026, respectively in which S2 showed 
slightly higher values attributed to the higher fine content 
(Fig. 5). 

The back pressure application is commonly used tech-
nique in triaxial testing to enhance the high degree of 
saturation of soil samples [64]. However, the saturation 
technique adopted in flexible wall testing cause an error 
considering the consolidation of the problematic soils sam-
ple due to the increase in effective stress under a constant 
total stress condition. Therefore, new permeameters were 
introduced such as low-compliance double cell/burette 
permeameter to track all volumetric changes during testing 
stages [65]. The rigid wall permeability cell proposed in this 
study is one of the permeameters that has the benefits of the 
back pressure application for the reliable characterization 
of saturated permeability and the constant void ratio of the 
reconstituted sample during testing. The vertical permea-
bility tests were performed at several back pressure values. 
The higher back pressures present the faster saturation of 
the sample. Fig 6 shows the values of kv versus back pressure 
observed in S2 sample under the back pressures in between 
200 and 700 kN/m2 when the hydraulic conductivity is 
steady. 

The ratio of inflow and outflow rate was controlled to 
be in the range of 0.75~1.25 as mentioned in ASTM D 5084 
[60], which was slightly out of the limits at the back pres-
sures below 400 kN/m2 and in the range of 0.9~1.1 above 
500 kN/m2. So, the values of kv observed at the back pres-
sures above 500  kN/m2 was assumed to be sufficient for 
fully saturation of the samples and taken into consideration 
which decreased slightly with back pressure. 

Besides, the vertical permeability coefficient, kv values 
versus back pressures did not change significantly, the aver-
age values of kv observed above 500 kN/m2 were used in this 
study. Fig. 7 illustrates kv values of S2 samples reconstituted 
at 25, 50, 100 and 200 kN/m2. The kv-σv' relationship of the 
sample S1 in the previous study of Cevikbilen & Camtakan 
[34] is also plotted in Fig. 7. The permeability tests of that 
study were also performed under constant volume condi-
tions in a ELE brand odeometer cell specialized to deter-
mine the vertical permeability. It was obvious that the kv 
values were gradually decreased when σv' increased for 
both of the samples. Contrast to the values of e of the same 
source zeolite, the S2 sample with higher fine size particles 
revealed approximately 10 times lower values of kv at the 
same σv'. The greater change in e values at higher fine frac-
tions cause the greater reduction in kv at the relevant σv'. 
On the contrary, the same values of kv were determined at 
around 8 times lower σv' for S2 compared with S1. It is seen 
that the grain size distribution controls the hydraulic con-
ductivity of crushed zeolite in slurry trench applications, 
which will affect the performance of the barrier. Ören and 
Özdamar [48] reported comparable hydraulic conductivity 
values for a compacted zeolite sample having a clay content 
of 3%.

Figure 6. Permeability of S2 sample prepared at 200 kN/m2 
under several back pressures.

Figure 5. Consolidation behavior of the samples with ver-
tical effective stress.
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Hazen’s equation [66] for clean uniformly graded 
materials between permeability coefficient k (in m/s) was 
defined by 

 (6)

where D10: effective grain diameter (in mm) at which 
the soil weight. The predicted k values of S1 and S2 by 
Equation 6 are 4.7×10-7 and 3.0×10-7m/s, respectively, 
which are higher than the observed values under any 
stress condition. So, environmental testing programs 
should involve the hydraulic conductivity tests on the 
final product at relevant overburden pressures for sustain-
able solutions.

In situ conditions, the reduction in effective overbur-
den pressure along the barrier column is observed in the 
limited cases when the groundwater level rises or when 
an excavation is required. The low values of Cs for zeolite 
samples exhibit the swelling will be limited even though 
a slight increase was shown in Fig. 5 with an increase in 
fine fraction. Accordingly, unloading result no signifi-
cant change in kv for S1 sample despite the reduction in 
σv' from 800 to 25 kN/m2 (Fig. 7). So, permeability tests 
at the unloading stage of S2 were not performed with 
respect to the low Cs value and the low swelling poten-
tial of the zeolite source material determined by ASTM 
D5890 [51]. 

4. CONCLUSION

The use of local reactive resources against environmen-
tal problems will reduce the application costs and enable 
quick response in case of a post-pollution scenario after 
a predictable disaster. The subsurface barriers offer sus-
tainable solutions to limit, direct, immobilize or treat the 
site-specific pollutants that requires short- and long-term 

laboratorial studies to predict the performance and lon-
gevity of the barrier before the construction. In this con-
text a new rigid wall permeability cell was proposed for 
slurry like reactive materials that allow to study with the 
reconstituted samples under a vertical overburden pres-
sure and eliminate the consolidation effect encountered 
during the flexible wall permeability tests. Following find-
ings were obtained:
• The tests performed on S2 presented that k reduces with 

σv' which are below 10-7 m/s above 25 kN/m2 overburden 
pressures and sufficient for impermeable wall sections. 
Further studies on thickening or dispersing agents will 
improve the flexibility, workability and sealing property 
of the slurry like fine grained zeolite for impermeable 
barrier applications.

• The comparison of the findings with the literature indi-
cates that the higher k values are applicable by increas-
ing the coarse particle size fraction of crushed zeolite. 
When the fine fraction in the slurry is reduced to 33%, 
k values are increased approximately 10 times than the 
zeolite with 84% fines under the same σv' conditions. 
Nevertheless, the use of slurry form of coarse-grained 
zeolite with 33% fines in PRB applications requires fur-
ther investigation in which the k values are still lower 
than 10-7 m/s at σv' above 50 kN/m2.

• This study further proposes hydraulic conductivity tests 
on the slurry like barrier material reconstituted at the 
relevant overburden pressures with respect to the height 
of the barrier to be involved in environmental testing 
programs.

• The new permeameter has promising advantages for the 
future works by helping to compose the porosity related 
breakthrough curves of a barrier material that may later 
be subjected to a site-specific leachate testing program 
for sustainable solutions.
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