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Technical Paper by J. Eun, J.S. McCartney, and D. Znidarci¢
ASSESSMENT OF APPROACHES TO OBTAIN EBULLITION PRESSURES FOR ORGANOPHILIC CLAY

BLANKETS

Abstract: The objective of this study is to compare two experimental approaches to characterize
the ebullition pressure (or air-entry suction) of initially water-saturated organophilic clay blankets.
The first is an indirect approach using the water-retention curve (WRC) and the second is a direct
approach using ebullition experiments. The WRC along with the hydraulic conductivity of
organophilic clay blankets in saturated and unsaturated conditions were measured using a flexible-
wall permeameter with suction-saturation control. This device was also adapted to measure the
ebullition pressure and the air permeability. The comparison of the experimental approaches was
performed on organophilic clay blanket specimens in different initial conditions (unrinsed and
rinsed to remove loose fines) under high and low effective confining stresses (20 and 5 kPa). The
indirect estimates of air-entry suction from the WRC were similar to those obtained from the
ebullition tests. This good agreement between the two approaches may add flexibility to the
development of design specifications for capping systems. The hydraulic properties were found to
be sensitive to rinsing and effective stress, with greater hydraulic conductivity and air permeability
for the rinsed specimen due to the removal of fines, and greater air-entry suctions for specimens
under higher effective stress.
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retention curve
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INTRODUCTION

Sediment capping has been shown to be a more effective, economic, and durable in-situ
treatment to stabilize and remediate contaminated subaqueous sediments in lakes or rivers
compared to ex-situ methods such as dredging (Locate et al. 2003; Reible et al. 2003, 2006; Yuan
et al. 2007, 2009; Olsta 2010; Perelo 2010; Eun et al. 2012a,b; Ebrahimi et al. 2014, 2016; Zhang
et al. 2016; Gu et al. 2017). From 1990 to 2006, approximately six million cubic meters of
contaminated sediment have been removed and disposed of through the implementation of 71
major environmental remediation projects in the United States (Zeller and Cushing 2006). In
addition to potentially mobilizing organic contaminants in surface waters, the dredged sediments
must be treated or disposed of in another containment system. Sediment capping systems on the
other hand are intended to contain the contaminants in-situ.

Early sediment capping systems involved several layers of granular material placed atop the
contaminated sediment. However, an issue identified is that sand caps may lead to consolidation
of the contaminated sediments, releasing contaminants from the sediment without a means of
fixing them (Alshawabkeh et al. 2005). An alternative lightweight capping system used to confine
contaminated sediments in lakes or rivers with a means of fixing released contaminants is shown
in Figure 1(a). This system involves an organophilic clay blanket overlain by a surcharge layer of
porous geomaterial (typically sand) and an armor layer (typically gravel) to prevent scour. The
organophilic clay blanket contains sodium bentonite whose interlayer cations were exchanged with
organocations to absorb organic contaminants. The treated sodium bentonite particles are
hydrophobic and are different from untreated sodium bentonite that in the presence of water they
will not hydrate and will remain inert like sand particles. However, they will absorb organic liquids

and swell. The treated sodium bentonite particles are encapsulated between geotextiles that are
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needle-punched together for ease of transport and placement. The intention of the composite
blanket is to provide a permeable but lightweight (thin) composite material that can be placed
underwater to replace a thicker and heavier sand cap.

Sediment capping systems are intended to be water-permeable so as not to disturb the sediment
during changes in water flow. However, a risk is that gases such as methane can be generated from
the decomposition of organic matter in the sediment or other mechanisms and then become trapped
beneath the organophilic clay blanket. Specifically, gas from the sediments will tend to move
upward due to buoyancy but will not pass through the layers in the capping system until the gas
pressure exceeds the gas-entry pressure of the different layers. The breakthrough of gas into an
initially saturated media is referred to as ebullition, and the air-entry suction is often referred to as
the ebullition pressure. Even after breakthrough at a given location, gas may accumulate in the
case that gas generation rates are greater than the gas flow rate through the capping system.
Without sufficient gas transport through a sediment capping system, uplift failure may occur if
the pressure in the gas trapped beneath the capping system exceeds the total overburden stress
(Mohan et al. 2000; Alshawabkeh et al. 2005; Paul et al. 2005; McLinn and Stolzenburg 2009a,
2009b; Chattopadhyay et al. 2010; Eun et al. 2012b). An example of a sediment capping system
that failed by uplift is shown in Figure 1(b).

The primary objective of this study is to compare the air-entry suctions of initially water-
saturated organophilic clay blankets obtained from indirect and direct approaches to provide a
wider range of options for engineers when developing design specifications for capping systems
incorporating organophilic clay blankets. The indirect approach involves estimation of the air-
entry suction from the water retention curve (WRC) of the organophilic clay blanket under

different effective confining stresses. The direct approach involves ebullition experiments where
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the air pressure is gradually increased to the boundary of an initially water-saturated organophilic
clay blanket until breakthrough occurs. The advantage of using an indirect approach is that the
testing procedures to determine the WRC of geosynthetic materials are well established in the
literature (Nahlawhi et al. 2009; McCartney and Zornberg 2010; Zornberg et al. 2010) and are
easier to perform reliably than ebullition experiments. In this study, the WRCs of organophilic
clay blankets were measured using a flexible wall permeameter device described by McCartney
and Znidarci¢ (2010). This device also permits measurement of the hydraulic conductivity function
(HCF), which is inversely related to the gas permeability as the degree of saturation of the
organophilic clay blanket changes. This device was also modified to directly measure the ebullition
pressures and air permeability of organophilic clay blankets. The tests associated with the indirect
and direct approaches were repeated for an organophilic clay blanket in the as-received condition
under a higher effective stress of 20 kPa to represent a likely situation in the field, and a
organophilic clay blanket rinsed with tap water to simulate the removal of loose fines during
placement under a lower effective stress of 5 kPa to represent the effects of a thin overburden layer
or scour of the armor layer.
BACKGROUND
Organophilic Clay Blankets

Organophilic clay blankets are manufactured in a similar manner to geosynthetic clay liners
and consist of a layer of organophilic clay (i.e., an active or adsorptive media suitable for capture
of organic contaminants), encapsulated between geotextiles that are needle-punched together.
Organophilic clay is a coarse material before reacting with organic contaminants such as light non-
aqueous phase liquids (Erten et al. 2012; Benson et al. 2015). Depending on the contaminant

present in the sediment layer, other materials like Granular Activated Carbon, Attapulgite, Apatite,
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or Zeolites, can be included to “fix” or absorb contaminants which are carried from the sediments
by advective or diffusive flow. Although this study is focused on the gas ebullition and
permeability behavior of organophilic clay blankets, similar gas ebullition problems may be
encountered with these other fixing materials. Accordingly, a goal of this study is to evaluate
methods to determine the ebullition pressure and hydraulic properties that may be extended to
evaluate organophilic blankets created with these other fixing materials.
Hydraulic Properties of Unsaturated Geomaterials

When gas ebullition occurs, the organophilic clay blanket will become unsaturated.
Accordingly, it is relevant to understand the hydraulic properties of organophilic clay blankets
under both saturated conditions (i.e., before gas entry) and unsaturated conditions (i.e., after gas
entry). Specifically, it is well known that the air-entry suction for a geomaterial is related to the
shape of its water retention curve (WRC), which describes the water storage in the geomaterial as
a function of the matric suction (the difference between the pore air and pore water pressures in an
unsaturated geomaterial). It is common to determine equilibrium points on a WRC using one or
more techniques described in ASTM D6836 or ASTM D7664, then fit a continuous function to
these points. The most commonly used continuous function for the WRC 1is the model of van

Genuchten (1980), given as follows:

Se = (ampre) o

S—Sres

where S, is the effective saturation equal to , S is the degree of saturation, Sres is the degree

res

of saturation at residual conditions, y is the matric suction, owG and nvG are fitting parameters
specific to a given material, and m = (1-1/nvG). The parameter owe is related to the inverse of the
air-entry suction of the geomaterial and the parameter nvc is related to the pore size distribution of
the geomaterial.

GEOSYNTHETICS INTERNATIONAL 6
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Water flow through an unsaturated organophilic clay blanket is assumed to be governed by
Darcy’s law with a hydraulic conductivity value that depends on the effective saturation. The
hydraulic conductivity of unsaturated organophilic clay blankets is inversely related to the gas
permeability; the gas permeability reaches a maximum value when the hydraulic conductivity
approaches a minimum value, and vice-versa. Nahlawi et al. (2007), Zornberg et al. (2010) and
McCartney and Zornberg (2010) showed that the unsaturated hydraulic conductivity (k) of
nonwoven geotextiles can be predicted from the parameters of the WRC in Eq. (1) using the van
Genuchten-Mualem hydraulic conductivity function (HCF) (Mualem 1976; van Genuchten 1980).
The van Genuchten-Mualem HCF is given as follows:

1 42
K(Se) = Keqe - SE|1 = (1 = S;m)™] )

where ksat is the hydraulic conductivity at saturated conditions, T is a tortuosity factor equal to 0.5
(Mualem 1976), and m is the value obtained from fitting Eq. (1) to experimental WRC data.
McCartney and Zornberg (2010) observed that the hydraulic conductivity of an unsaturated
nonwoven geotextile decreased from 9.0x10! to 7.0x 1071 m/s for matric suction values increasing
from 0.1 to 2.5 kPa. This trend in the hydraulic conductivity implies that in this matric suction
range the gas permeability of organophilic clay blankets will increase rapidly after reaching the
air-entry suction.
MATERIALS AND METHODS
Organophilic Clay Blanket Specimens

The organophilic clay blanket evaluated in this study was a Reactive Core Mat® obtained from
CETCO® and consisted of a layer of Organoclay® sandwiched between a nonwoven cap geotextile
and a nonwoven carrier geotextile, as shown in Figure 2. The two geotextiles were needle punched

together. The initial height of the blanket was 6 mm. The properties of the carrier geotextiles in
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the organophilic clay blanket are summarized in Table 1. The particle size distribution of
organophilic clay ranged from 0.09 to 2.50 mm based on a dry mechanical sieve analysis with
characteristic particle sizes D3o of 0.56 mm and Deo of 0.72 mm, and a coefficient of uniformity
Cu of 1.29. The particle size of the organophilic clay is relatively coarse, like a sandy soil. As
mentioned, due to the chemical treatment of the smectite during manufacturing, the organophilic
clay is nonreactive with water and is expected to have a relatively high hydraulic conductivity
approaching that of sand. When the organophilic clay encounters organic contaminants, it will
absorb the organic contaminants, swell, and experience a reduction in permeability. The specific
gravity of the organophilic clay particles is 1.75, which is lighter than most soils.
Specimen Preparation

To prepare specimens for testing, the organophilic clay blanket in as-received conditions was
compressed tightly against a plastic sheet using a steel cylinder having a diameter of 65 mm, which
is the target diameter of the specimen. A razor blade was then used to trim around the edges of the
cylinder to form the specimen. This approach was observed to lead to a well-defined circular
specimen with minimal loss of the organophilic clay from the edges. Two different types of
organophilic clay blanket specimens were prepared: a specimen in the as-received condition which
represents the likely initial state for an organophilic clay blanket deployed in the field, and a
specimen rinsed thoroughly in tap water to wash away any loose fines. The rinsed specimen was
used to simulate an organophilic clay blanket that has had long-term interaction with water flow.
The as-received specimen was tested under a relatively high effective confining stress of 20 kPa,
while the rinsed specimen was tested under a lower overburden pressure to simulate a thin

overburden layer or the case where the overburden and armor layers had eroded over time.
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Flexible Wall Permeameter System

The different tests on organophilic clay blankets in this study were performed using a flexible
wall permeameter system developed by McCartney and Znidar¢i¢ (2010) shown in Figure 3.
Although this system was originally developed to measure the hydraulic properties of saturated
and unsaturated geosynthetics, it was also adapted in this study to perform ebullition and air
permeability tests. A rigid wall permeameter was investigated in preliminary ebullition tests as
part of this study, but sidewall leakage through the gap between the specimen and the wall of a
rigid wall permeameter was observed. In addition to minimizing the effect of sidewall leakage, the
flexible wall permeameter permits backpressure saturation of the specimens along with careful
control of effective stress and changes in height. Unsaturated conditions can be controlled in the
flexible wall permeameter system using the axis translation technique, which involves use of a
high air-entry porous membrane to apply air and water pressures independently to a specimen. The
pressure difference across the specimen is measured using a differential pressure transducer
(model P55E from Validyne), which can measure both water and air pressures. The accuracy of
the differential pressure transducer is £0.1%, and a diaphragm was used in the transducer to permit
measurement of differential pressures as small as 0.01 kPa. The air and water pressures can be
applied using a pressure control panel. In addition, a flow pump connected to the bottom platen of
the permeameter can be used to apply constant water pressures to the specimen while tracking
outflow in WRC and HCF tests on unsaturated specimens, or to apply constant flow rates in
hydraulic conductivity tests on saturated specimens. The measurements from the differential
pressure transducer can be used to operate the pump in pressure-control mode. In ebullition testing,
the air pressure can be applied using the pressure control panel, and after breakthrough air flow

rates can be measured by transferring air from one reservoir to another. Alternatively, constant air
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flow rates may be imposed after reaching the ebullition pressure using a mass flow controller from
MKS Instruments. More details of the mass flow controller are given in Alsherif and McCartney
(2015).
Water Retention Curves

Equilibrium points on the WRC of the organophilic clay blanket specimen were measured
using the flexible permeameter device and the flow pump operating in suction-control mode.
Although this technique is not covered in ASTM D6836 for determination of the WRC, it is
consistent with Method B2 in ASTM D7664 for joint determination of the WRC and HCF. In the
axis translation technique, the matric suction applied to a specimen is equal to the difference
between the pore air and pore water pressures. Specifically, the air pressure applied to the upper
side of the specimen is greater than the water pressure applied to the bottom side of the specimen.
It is possible to independently apply pore air and pore water pressures to a specimen by placing a
high air-entry porous membrane on the water-side of the specimen. Although other high air-entry
porous materials like sintered clay may be used in the axis translation technique, McCartney and
Znidarcic (2010) found that the use of a thin porous membrane provides less impedance to outflow
from the specimen during hydraulic property measurements. The porous membrane used in this
study is a cellulose sheet having a thickness of 0.05 mm and an air-entry suction of approximately
100 kPa. When saturated with water, the high air-entry porous membrane only permits the passage
of water until the difference in the air and water pressures across the specimen reaches 100 kPa.

Backpressure saturation was used to initially saturate the organophilic clay blanket specimen
with tap water within the flexible wall permeameter. After saturation of the specimen under a
backpressure of 330 kPa, the specimen was consolidated to a desired initial effective confining

stress (e.g., a cell pressure of 350 kPa and a backpressure of 330 kPa to apply an effective confining
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stress ¢' of 20 kPa on the un-rinsed specimen and a cell pressure of 350 kPa and a backpressure of
345 kPa to apply an effective confining stress ¢' of 5 kPa to the rinsed specimen). The water was
then flushed from the top side of the specimen so that the air pressure at the top of the specimen
was equal to the water backpressure applied to the bottom side of the specimen (i.e., no flow
condition).

The flow pump was then used to extract water from the bottom of the specimen in stages to
reach different target suction values following the approach of Znidarci¢ et al. (1991) and
McCartney and Znidarci¢ (2010). To measure different equilibrium points on the WRC, a flow
pump is used to control the volume of water extracted from an initially-saturated specimen. The
flow pump is operated in suction-control model and applies a constant volumetric flow rate from
the specimen until a target suction is reached, which is measured using the differential pressure
transducer connected to the top and bottom of the specimen (i.e., the difference in the air pressure
and the water pressure on across the specimen). An encoder on the pump is used to measure the
volume of water extracted from the specimen can be used to directly calculate the degree of
saturation of the specimen.

After the suction measured by the differential pressure transducer reaches a target suction
value, the suction inside the specimen may not be in equilibrium with this value. Specifically, the
suction measured using the differential pressure transducer is only applicable to the boundaries of
the specimen. The suction inside the specimen may take some time to reach hydraulic equilibrium
with the suction value applied at the boundary. Accordingly, a feedback-control loop was used to
operate the flow pump until reaching equilibrium under different target suction values. After
reaching a target suction value, the flow pump is stopped and the suction at the boundaries of the

specimen is then monitored using the differential pressure transducer. If the suction in the
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specimen is not in equilibrium with the suction imposed at the specimen boundaries, water will
flow toward the outflow face and the suction measured by the differential pressure transducer will
decrease. If the measured suction decreases below a threshold value (i.e., 0.16 kPa lower than the
target suction), the pump is operated again to draw more water from the specimen and bring the
suction at the specimen boundaries back to the target suction. This iterative process is repeated
until the measured suction at the specimen boundaries does not drop below the outflow face over
the span of 5000 seconds (a time period selected by experience to signify equilibrium. At this point
the suction within the specimen is assumed to be in equilibrium with the applied suction at the
boundary of the specimen induced by the flow pump operation. The cumulative amount of water
withdrawn from the specimen during this iterative process corresponds to the change in the degree
of saturation of the specimen during each suction increment. After reaching equilibrium, the next
value for the target suction is applied and the iterative process is repeated. After reaching the
maximum target suction, the final volume was measured, the specimen was unloaded, and the final
gravimetric water content was measured. Only the drying path WRC was investigated in this study
due to the focus on the characterization of the air-entry suction.
Hydraulic Conductivity Function

Points on the HCF of the unsaturated organophilic clay blankets can be inferred from the
outflow data from the WRC test. Specifically, the outflow data measured when applying a given
suction value as part of reaching an equilibrium point on the WRC were analyzed using the
approach described in ASTM D7664 method B2 (i.e., a multi-step outflow test with outflow data
analyzed using Gardner’s method). Gardner’s method involves normalizing the curve of water
outflow versus time for each suction value applied by plotting In[(VV)/V¥] versus time, where V

is the outflow at a given moment in time and Vr is the final amount of outflow for a given suction
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increment. The slope of the normalized outflow as a function of time is directly proportional to the
diffusivity D, which can be calculated as the slope multiplied by 4H?*/n%, where H is the specimen

height. The diffusivity can then be used to calculate the hydraulic conductivity as follows,

_pe
k=D3ln, 3)

where k is the hydraulic conductivity of an unsaturated specimen, 6 is the volumetric water content,
do/dvy is the slope of the WRC plotted in terms of the volumetric water content corresponding to
the applied increment in suction, and yw is the unit weight of water.

Determination of the Air Permeability

The flexible-wall permeameter used to measure the hydraulic properties of the organophilic
clay blankets was also adapted to measure the ebullition pressure and air permeability.
Specifically, the same setup was used but without a high air-entry porous membrane. First, the
organophilic clay blanket was back-pressure saturated with water after which the hydraulic
conductivity was calculated from Darcy’s law by applying a constant flow rate through the
specimen and measuring the gradient across the blanket using a differential pressure transducer.
Next, the water was flushed from below the blanket with air. The air pressure was then gradually
increased in small increments until breakthrough occurred. This was identified as the ebullition
pressure.

The air permeability was measured using different methods for the two specimens tested. For
the unrinsed specimen under an effective confining stress of ¢' = 20 kPa, the average air flow
volume passing through the blanket over time was measured for a constant applied pressure
difference. Specifically, the volume of air passing through the specimen was monitored over time
by passing air from one reservoir to the other in the pressure control panel. The air permeability ka

was then calculated as follows:
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ko = (G ) > (102 53%) @
where Qav is the average volumetric flow rate of air, H is the height of the specimen, A is the
specimen area, [ is the dynamic viscosity of air, and AP is the applied air pressure difference. The
value of H for the unrinsed specimen was 0.006 m, A was 0.003 m?, and p was 1.82x10°® kPa-s.
In the test on the rinsed specimen under an effective confining stress ¢' = 5 kPa, the mass flow
controller was used to apply a constant air flow rate across the specimen (after reaching the gas
breakthrough pressure). The air pressure difference corresponding to this constant flow rate was
then measured using the differential pressure transducer and the air permeability was calculated
using Eq. (4). This approach was found to lead to more stable results than the other method and
permits an evaluation of changes in air permeability for a range of gas flow rates.
HYDRAULIC PROPERTIES OF ORGANOPHILIC CLAY BLANKETS
Hydraulic Conductivity of Saturated Organophilic Clay Blankets

The variation of hydraulic conductivities with time obtained from the flexible wall tests on the
unrinsed and rinsed specimens under effective confining stresses of 20 and 5 kPa are shown in
Figure 4. These results were obtained from the initial portion of the air permeability tests, where
no high air-entry porous membrane was included to affect the flow process. The hydraulic
conductivity of the unrinsed specimen ranged from 3.6 x 10~ m/s to 3.2 x 10 m/s over time. The
hydraulic conductivity was observed to continuously decrease during steady water flow through
the saturated specimen, which is likely due to redistribution of the organophilic clay particles
within the blanket. The test was stopped after approximately 4 days as a stable hydraulic
conductivity value was not reached. For the rinsed specimen, the hydraulic conductivity ranged
from 1.0 x 10 to 3.0 x 107 m/s, with a slightly lower decrease in hydraulic conductivity over

time. The order of magnitude greater hydraulic conductivity range measured for the rinsed
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specimen is attributed to both the rinsing process (which removed loose fine particles) and the
lower effective confining stress (which leads to lower compression of the specimen).

The system hydraulic conductivity of the saturated organophilic clay blanket atop the porous
membrane was also measured to evaluate the impact of the porous membrane on the hydraulic
conductivity. Specifically, at the beginning of the WRC tests, the hydraulic conductivity was
calculated from Darcy’s law using the applied flow rate across the saturated assembly and the
measured pressure gradient across the specimen and the membrane. It was found that a relatively
high flow rate of 0.02 ml/s was required to establish a stable gradient, as shown in Figure 5 for the
test on the unrinsed specimen. The average hydraulic conductivity of the system ranged from
1.3 x 10 to 9.0 x 107 m/s. The hydraulic conductivity values in Figure 4(a) for the assembly
including the porous membrane are two orders of magnitude lower for the organophilic clay
blanket without a membrane. Although the porous membrane is very thin (0.05 mm), it does
provide impedance to outflow.

Outflow Measurement from Organophilic Clay Blankets

The transient outflow during application of different suction increments is shown in Figure
6(a) and 6(b) for the unrinsed and rinsed specimens, respectively. The results in these figures show
that longer equilibrium times were required for the lower matric suction values, and that
progressively shorter times were required for the higher matric suction values. This is because the
most water was extracted at a suction of 3-4 kPa. Approximately 20 ml was withdrawn from the
unrinsed specimen under a higher effective confining stress of 20 kPa after reaching a suction of
approximately 16 kPa, while a greater amount of approximately 31 ml was withdrawn from the

rinsed specimen under a lower effective stress of 5 kPa after reaching a suction of approximately
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15 kPa. The greater outflow for the rinsed specimen is due to the higher porosity of the specimen
associated with the lower effective confining stress.

Next, the outflow from the specimen due to the application of a given suction increment was
transformed using Gardner’s method, as shown in Figures 7(a) and 7(b) for the unrinsed and rinsed
specimens, respectively. These normalized outflow curves were used to estimate the diffusivity
values when calculating the hydraulic conductivity for each suction increment. The portions of the
curves that are relatively linear before the steep drop were used to calculate the slope used in the
diffusivity calculation.

Water Retention Curves of Organophilic Clay Blankets

The WRCs were calculated by first converting the outflow data to the degree of saturation
using the thickness of the specimens under the applied effective confining stresses, then plotting
this against the measured matric suction values in Figure 6. The WRC for the unrinsed specimen
is shown in Figure 8(a) and the WRC for the rinsed specimen is shown in Figure 8(b), with circles
denoting the equilibrium points at each applied matric suction value. The overall porosity of the
unrinsed organophilic clay blanket was estimated to be 0.97, which is slightly lower than that of
the nonwoven carrier geotextiles. The use of this porosity value corresponded well with the volume
of water extracted from the specimen during the WCR test. The van Genuchten (1980) WRC model
(Eq. 1) was fitted to the equilibrium points on the primary drainage (drying) path of the WRC. The
parameters used to fit the model to the data are listed in Table 2. These parameters are consistent
with those measured for geosynthetics (McCartney and Znidar¢i¢ 2010) and are similar to those
of a coarse sand (Znidarci¢ et al. 1991).

The most important value on the WRC for the purposes of gas flow through organophilic clay

blankets is the air-entry suction (ya), which is defined as the suction at which air starts to displace
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water in an initially saturated organophilic clay blanket. The air-entry suction from the WRC for
the unrinsed specimen in Figure 8(a) is approximately 0.68 kPa, while the air-entry suction from
the WRC for the rinsed specimen in Figure 8(b) is approximately 0.60 kPa. A comparison of the
fitted WRCs for the unrinsed and rinsed specimens is shown in Figure 8(c). The lower air-entry
suction for the rinsed specimen is primarily attributed to the lower effective confining stress
because rinsing likely only removed the fine particles. The fine particles are expected to affect the
shape of the WRC at high suctions. Higher effective confining stresses are expected to compress
the voids of the organophilic clay blanket, leading to a smaller pore size distribution and a shift in
the WRC to the right that causes the air-entry suction to increase. However, the impact of effective
confining stress on the air-entry suction is not so significant that the risk of uplift failure would
increase (i.e., the increase in the air entry suction is much smaller than the increase in the effective
confining stress).
Hydraulic Conductivity Functions of Organophilic Clay Blankets

The HCF data for the unrinsed and rinsed organophilic clay blanket under effective stresses of
20 and 5 kPa are shown in Figures 9(a) and 9(b), respectively. The HCF data shows some scatter
due to the variability in the outflow curves for the different suction values, but overall a clear
decreasing trend with increasing suction is observed as expected. The effect of the high air-entry
porous membrane on the system hydraulic conductivity was not removed from the data, although
it can be assumed that the porous membrane has a constant hydraulic conductivity of 1.0 x 107>
m/s as it remained saturated throughout the test. The HCFs predicted from the parameters of the
WRCs using the van Genuchten-Mualem model (van Genuchten 1980) (Eq. 2) are shown in both
figures. A reasonable match is observed between the predicted HCF and the measured HCF data,

with R-squared values of approximately 0.85. It is much easier to predict the HCF from the
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parameters of the WRC using Equation (2) than to measure it independently, so the reasonable
match between the predicted and measured HCFs for organophilic clay blankets is a useful
conclusion for practical analyses. Comparing the predicted HCFs in Figures 9(a) and 9(b), the HCF
for the rinsed blanket with an effective confining stress of 5 kPa shows a wider range that starts
from a higher hydraulic conductivity of 8.0 x 10 m/s. This is attributed to both the loss of fines
during rinsing and the lower effective confining stress.
AIR PERMEABILITY RESULTS

The gas ebullition pressure was measured directly for the unrinsed and rinsed specimens by
increasing the air pressure at the base of the specimen until reaching breakthrough (as detected by
bubbles appearing in the tubing connected to the top of the specimen). Note that the high air-entry
porous membrane was not used in the gas ebullition tests. In both tests, gas ebullition occurred at
the same air pressure of 0.60 kPa. The magnitude of the gas ebullition pressure measured directly
is the same as that inferred from the WRC of the rinsed specimen but is 0.08 kPa lower than that
inferred from the WRC of the unrinsed specimen. The slightly lower gas ebullition pressure for
the unrinsed specimen may have occurred due to preferential gas flow through a bundle of the
needle-punched fibers or a thinner section of the organophilic clay. The role of preferential flow
paths like these on the gas ebullition pressure may be different when slowly drawing water from
the specimen during measurement of the WRC and when gradually increasing the gas pressure on
the bottom boundary of the specimen. Nonetheless, the similarity of the gas ebullition pressures
from the indirect and direct approaches confirms that both approaches may be used to obtain the
gas ebullition pressures as part of a sediment capping permitting process.

After reaching the gas ebullition pressure in the test on the unrinsed specimen, the gas pressure

was maintained and the air flow volume as a function of time was measured by forcing water from
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one reservoir into another. The air flow volume and pressure gradient measured as a function of
time during this test are shown in Figure 10(a). Although the presentation of results in this figure
makes it seem that there was a delay in the outflow of air after reaching breakthrough, the outflow
data was not recorded until after 2 minutes for the first pressure difference of 0.6 kPa, and until
after 8 minutes for the second pressure difference of 0.9 kPa. Air flow was occurring through the
blanket throughout the 16-minute experiment. For the first pressure gradient, the air flow volume
passing through the specimen was observed to be linear with time. When the pressure gradient was
increased a linear gas flow rate was wtill observed. The air flow rates and air pressure gradients
at steady state are shown in Figure 10(b) for the two different applied air pressures. A linear
relationship is observed, and the air permeability calculated from the results of both tests using Eq.
(4) is 0.04 darcys.

The air permeability of the rinsed specimen under a lower effective stress was measured by
applying a constant gas flow rate using a mass flow controller while measuring the pressure
difference across the specimen using the differential pressure transducer. Using a mass flow
controller permits the air flow rate to be maintained at a constant level. The air flow rate and the
measured pressure difference across the specimen are shown in Figure 11(a). The measured
pressure difference was variable in the first part of the test (up to 2 hours) possibly due to capillary
effects during initial desaturation of the organophilic clay blanket that caused bubbles to rise and
fall in the tubing, resulting in the variable pressure differences. It is also possible that breakthrough
occurred through only a single pore of the specimen (i.e., a large void in the organophilic clay or
a bundle of needle-punched fibers), leading to a concentration of the air flow through only a portion
of the specimen area. The air flow was stopped after 3.5 hours, and the air flow rates were repeated

in stages. More stable results were observed after this point, indicating that air flow may have been
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occurring through multiple pathways across the specimen area. The applied air rates and
equilibrium values of pressure difference for the final set of stages starting after 3.78 hours are
shown in Figure 11(b). A nonlinear trend is noted, different from that observed in Figure 11(b).
The nonlinearity may be due to the opening of additional air pathways through the specimen for
higher air flow rates. The air permeability measured during application of low air flow rates is
approximately 0.24 darcys, while application of higher flow rates the air permeability decreases to
approximately 0.08 darcys. The average air permeability over the entire range of air flow rates is
0.16 darcys. The air permeability values measured in this test are 2 to 7 times greater than the value
measured for the un-rinsed organophilic clay blanket under an effective stress of 20 kPa.
CONCLUSIONS

In this study, the air-entry pressure of initially water-saturated organophilic clay blankets was
indirectly evaluated through the water retention curve and directly through ebullition experiments
which also permit evaluation of gas permeability. This comparison was performed using tests on
organophilic clay blanket specimens in the as-received condition under an effective confining
stress of 20 kPa to represent a thicker overburden layer and in a rinsed condition to represent the
case that loose fines are removed by water flow under a lower effective confining stress of 5 kPa
to represent a thin overburden layer. A key conclusion from this study is that the indirect approach
to estimate the air-entry suction from the WRC provides similar results to gas ebullition
experiments. This is important as gas ebullition experiments are complicated to perform due to
issues with side-wall leakage and the difficulty to consider the effects of flow through preferential
pathways, so the availability of a reliable indirect method is useful in the development of

specifications for organophilic clay barriers used in sediment capping systems.
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The results from the indirect and direct approaches indicate that the organophilic clay blanket
specimens have air-entry suctions between 0.60 and 0.68 kPa, with a slightly greater air-entry
suction for the specimen under unrinsed conditions and a higher overburden stress. As rinsing
likely affects the fines content in the blanket which is associated with the shape of the WRC at
high suctions, it is assumed that the compression of the nonwoven geotextile fibers under the
higher effective confining stress contributed to a more tightly-packed organophilic clay and denser
geotextile fiber structure leading to the higher air-entry suction. This may imply that the use of
thicker overburden and armor layers may have a slight negative effect on the air-entry suction and
hydraulic properties, although the positive effects of a greater vertical effective stress outweigh
the increase in the ebullition pressure. The results from both the direct and indirect approaches
indicate that organophilic clay blankets should be used in conjunction with an overburden of coarse
material that applies a vertical total stress greater than the blanket’s air-entry suction of
approximately 0.6 kPa to prevent uplift of the blanket. This vertical total stress corresponds to the
surcharge associated with a layer of poorly graded sand having a unit weight of 15 kN/m? and a
thickness of approximately 0.04 m. This thickness is relatively small, which is consistent with the
goal of using a lightweight blanket in a sediment capping system. It should be emphasized that
further testing is needed to evaluate possible changes in ebullition pressure if the organophilic clay
blanket absorbs organic contaminants from the underlying sediment, which will lead to a reduction
in the pore size distribution of the blanket.

Although definitive conclusions regarding the independent effects of effective confining stress
and rinsing due to the limited number of tests presented in this study, some preliminary conclusions
can be drawn from the flow processes in the tests reported in this study. The hydraulic

conductivities for both rinsed and unrinsed specimens in saturated conditions was observed to
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decrease with time, with a greater decrease for the unrinsed specimen, likely due to redistribution
of particles under the seepage force applied during testing. The hydraulic conductivity was not
observed to stabilize after at least 4 days of steady flow. The rinsed specimen under a lower
effective confining stress had a hydraulic conductivity that was two orders of magnitude greater
than the unrinsed specimen under a higher effective confining stress. The results indicate that
rinsing leads to a loss of some fines, causing an increase in hydraulic conductivity, while greater
effective stresses lead to compression of the voids causing a decrease in hydraulic conductivity.
Similar effects of effective stress were observed for the air permeability. The air permeability
values for the rinsed specimen under a low effective confining stress are 2 to 7 times greater than
the air permeability measured for the unrinsed specimen under an effective stress of 20 kPa.
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NOTATION

Basic SI units are given in parentheses.
k Hydraulic conductivity under unsaturated conditions (m/s)
ksat  Hydraulic conductivity under saturated conditions (m/s)
Se Effective saturation (m’/m?)
S Degree of saturation (m*/m?)
Sres  Residual saturation (m*/m?)
ovg  van Genuchten (1980) WRC model fitting parameter (kPa™')
nvGg  van Genuchten (1980) WRC model fitting parameter (dimensionless)

m van Genuchten (1980) WRC model fitting parameter (dimensionless)

GEOSYNTHETICS INTERNATIONAL 22



492 vy Matric suction (kPa)

493  wyo Air-entry suction (kPa)

494 1 Tortuosity factor (dimensionless)
495 V Outflow volume at a given time (m?)
496 Vi  Final outflow volume (m?)

497 H Specimen height (m)

498  yw Unit weight of water (kN/m?)

499 D Diffusivity (m?/s)

500 6 Volumetric water content (m*/m?)

501 ©-a  Volumetric water content at saturation (m*/m?)
502  Ors  Volumetric water content at saturation (m*/m?)
503 o Effective confining stress

504 Qav  Average volumetric flowr ate of air (m%/s)

505 AP Applied pressure difference (kPa)

506 ka Air permeability (darcys)

507 A Specimen area (m2)

508 W Air viscosity (kPa-s)

509 ABBREVIATIONS

510  WRC Water retention curve

511  HCF Hydraulic conductivity function
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Table 1. Characteristics of the upper and lower carrier geotextiles of the organophilic clay
blanket tested.

Color White Black
Gs, geotextiles 0.92 0.92
Fiber density kg/m? 920 920
Mass per unit area kg/m? 0.20 0.20
Thickness mm 2.5 2.0
Porosity 0.913 0.891

Table 2. Hydraulic properties of organophilic clay blanket specimens measured under different
effective stresses and rinsing conditions.

Parameter Un-rinsed specimen Rinsed specimen
o' (kPa) 20 >
Osa for v(\lfrlgicrjlg path 0.97 0.99
Ores for Vc\l/rglélg path 0.00 0.00
avgvgg Cdr(ykllr;f_ lr;ath 0.78 1.20
nve for Vc\l/rglélg path 246 2.50
Ksat und(e;l?sp;plied o’ 9.0x107 3.0x107
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Figure 1. Schematic of sediment capping. (a) Gas ebullition from the capping and (b) Uplift failure

of an organophilic clay blanket installed atop river sediments due to gas ebullition effects.
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of WRC curves for the two organophilic clay blanket specimens.
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Figure 9. Comparison of the van Genuchten-Mualem (1980) HCF predicted from the SWRC with
measured k data: (a) Unrinsed organophilic clay blanket with ¢' = 20 kPa; (b) Rinsed organophilic
clay blanket with ¢' = 5 kPa.
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Figure 10. Air permeability of an unrinsed organophilic clay blanket (¢' = 20 kPa) (a) Applied air
flow volume and measured pressure difference across an unrinsed organophilic clay blanket as a
function of time; (b) Air flow rates versus pressure differences at different steady-state conditions.
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Figure 11. Air permeability of a rinsed organophilic clay blanket (¢' = 5 kPa) (a) Air flow volume
and pressure difference across a rinsed organophilic clay blanket as a function of time;
(b) Equilibrium air flow rate versus pressure difference.
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