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Development of a Laboratory Procedure to
Evaluate the Consolidation Potential of Soft
Contaminated Sediments

ABSTRACT: Consolidation settlement of non-aqueous phase liquid (NAPL) contaminated sediments may trigger NAPL mitigation. The con-
solidation potential and resulting NAPL mobilization of the sediments should be evaluated in the laboratory; however, due to the highly compressi-
ble and weak nature of riverbed sediments, it is usually not possible to conduct conventional consolidation tests on sediment specimens. In this
study, a triaxial setup was modified to work effectively under low stresses. Kaolinite was used to represent the soil solid phase and Soltrol 130 (a
type of mineral oil) was used to represent the NAPL. Both oil-wetted and water-wetted regimes were analyzed. Hexane Extraction and moisture
content tests results confirmed the final fluid amounts in the specimen obtained by measuring the effluent volume during consolidation. The results
of the tests show that approximately 0.1 g of NAPL per 1 g of soil solids is unlikely to be mobilized by consolidation. The developed procedure
could also be employed to define the mobile and immobile fractions of NAPL and the expected compression of contaminated sediments. The vol-
ume of NAPL in excess of the retained residual can be used to design NAPL collection systems or to size layers of NAPL sorbent materials such
as organo-clays.
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Nomenclature

Cc ¼ Compression index
e0 ¼ Initial void ratio

K0 ¼ Lateral earth pressure coefficient at rest
Kactive ¼ Active lateral earth pressure coefficient

LL ¼ Liquid limit
SNAPL ¼ NAPL saturation ratio
VNAPL ¼ Volume of NAPL
VFluid ¼ Total volume of pore fluids

WNAPL ¼ Weight of NAPL
WSolids ¼ Weight of soil solids

r
0
H ¼ Horizontal effective stress
r
0
v ¼ Vertical effective stress
p ¼ Plasticity index

hNAPL ¼ Volumetric NAPL content
hwater ¼ Volumetric water content

u ¼ Total stress friction angle
u’ ¼ Effective stress friction angle

Introduction

Consolidation testing of non aqueous phase liquid (NAPL) conta-
minated sediments is challenging since they usually are fine
grained low strength media with very high water contents.
Although contaminants may be contained in sediments effectively
by using various remediation methods, there is always a concern
that these contaminants may mobilize and migrate into the overly-
ing water. A cover or cap of clean sediment on top of the contami-
nated sediment is one approach used to try to reduce this
migration (Zeman 1994). However, adding a sand layer on top of
a soft sediment will cause consolidation settlement that might lead
to mobilization of the NAPL (Azcue et al. 1998). Therefore, it is
important to determine the consolidation properties of the sedi-
ment to try to predict both amount and properties of the expelled
NAPL due to the added load. The consolidation properties of sedi-
ments can be evaluated by laboratory tests; however, these tests
are challenging mainly because these sediment specimens are very
soft and they may contain contaminants which require special
care. Usually sediments have very high fluid content, which
makes preparing a laboratory sample almost impossible. The focus
of this work is to develop a procedure to measure consolidation
properties of these soft NAPL contaminated sediments and simul-
taneously measure the amount and quality of the water and/or
NAPL that might be expelled.

Steward (2007) introduced a new method for specimen prepa-
ration of undisturbed NAPL contaminated sediments and
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conducted consolidation tests using a triaxial setup. Initial NAPL
saturation of the test samples changed between 0 %–38 %. Efflu-
ent was collected in bladder accumulators. NAPL mobilization
was observed in two of the nine specimens tested. Moretti (2008)
conducted similar tests on NAPL contaminated sediments. The
results indicated that consolidation may mobilize the NAPL in
sediments. Steward (2007) and Moretti (2008) worked on field
samples which varied significantly in terms of the soil type and
pore fluid constituents. This heterogeneity made it difficult to
derive general conclusions on the consolidation behavior.

Thornley (2006) tested oil contaminated sediments by mixing
kaolinite and bentonite with oil at low oil/water volume ratios.
The sediment slurries were tested in a modified Rowe Cell. The
results showed that the addition of oil had a minor effect on the
consolidation behavior when compared to the results of the tests
on clean kaolinite and bentonite slurries. The results showed that
oil mobilization can occur due to the consolidation of specimens.

Ma et al. (2010) conducted column tests to evaluate the consol-
idation of very soft sediments and the effect of consolidation on
the expulsion of contaminated pore fluid. The column test had cer-
tain advantages such as being easy to set up and an inexpensive
apparatus. The major disadvantages were the following: the diam-
eter to height ratio of the specimens was very low resulting in
high bias in the results due to wall friction. In addition, the fluid
pressures in the specimen could not be controlled, and the volume
of the effluent was not known.

Imai (1979), Imai et al. (1984), and Sridharan and Prakash
(1999) conducted seepage consolidation tests on very soft soils. In
a seepage consolidation test, the specimen was consolidated in a
tube under a differential hydraulic head applied across the speci-
men. This type of consolidation test is very useful for testing very
soft clean specimens although the applied differential head is typi-
cally much larger than would be applied under self-weight consol-
idation or with a thin sand cap and unrealistic amounts of NAPL
may be mobilized by this head difference. Centrifuge testing is
another common way of testing very soft sediments (Moo-Young
et al. 2003; Robinson et al. 2003). The major concern with run-
ning centrifuge tests is being able to appropriately model low load
consolidation NAPL and water behavior from the response at the
varying accelerations.

Lee and Fox (2008, 2009) and Lee et al. (2009) conducted con-
solidation tests to investigate the effect of consolidation on solute
transport. They concluded that consolidation can make the solute
transport faster. In these tests, they used a miscible tracer to detect
the pore fluid mobilization.

Contaminants may exist in the pore spaces at different satura-
tion ratios and they may be miscible or immiscible with the pore
water. Variation in the pore fluid may influence the physico-
chemical structure of the soil and affects its consolidation and
strength properties. The influence of pore fluid on the character-
istics of soils was investigated in several studies. Mesri and
Olson (1971) calculated coefficients of permeability of kaolinite,
illite, and smectite with different pore fluids. Permeability values
were back calculated from the consolidation data by using Terza-
ghi’s theory of one-dimensional consolidation. The results indi-
cated that permeabilities were highest for non-polar pore fluids
and lowest for water (high dielectric constant fluid). Acar and

Olivieri (1989) conducted hydraulic conductivity tests on com-
pacted kaolinite specimens. In this study, it was observed that
when organic fluids were permeated through the specimen, the
hydraulic conductivity of soils changed. Anandarajah and Zhao
(2000) investigated the effect of different pore fluids on the
strength of kaolinite.

Olson and Mesri (1970) conducted one dimensional consolida-
tion tests on kaolinite slurries as well as illite and smectite slurries.
The specimens included one-phase pore fluids, which were water,
carbon tetrachloride, and ethyl alcohol. The results showed that
the consolidation behavior of kaolinite was governed mainly by
the mechanical factors rather than physico-chemical effects. The
mechanical factors were defined as the strength, flexibility, and
surface friction of the soil particles. In addition, the compressibil-
ity of kaolinite with carbon tetrachloride and ethyl alcohol was
different than the compressibility of water saturated samples.

The objective of this study is to develop a testing system to
evaluate the consolidation potential of contaminated sediments at
various oil saturation ratios. A regular oedometer consolidation test
setup has certain disadvantages when used for testing soft contami-
nated sediments. Some of these limitations are: an accurate assess-
ment of the amount of the effluent fluid is not possible; it does not
allow application of pore pressures which can help simulate the
field stress conditions; wall friction that can constrain the move-
ment of the soil nest to the ring. In this study, a modified triaxial
set up was used for consolidating soft sediments. The triaxial appa-
ratus provided separate applications of vertical, horizontal, and
pore pressures which ensured that the stress conditions in the field
were simulated more accurately. Several modifications were made
to the standard triaxial setup, specimen preparation and testing pro-
cedures so that the testing worked efficiently under low effective
stresses and the expelled fluid could be collected for further testing.
In addition, a laboratory preparation method for controlled NAPL
contaminated sediment specimens at high fluid contents was devel-
oped. Finally, using the specimen preparation procedure and the
modified triaxial setup, consolidation tests were successfully con-
ducted on sediments at 0 %–100 % oil saturation ratios.

Test Apparatus

A triaxial setup has certain advantages over a conventional con-
solidation device. The apparatus allows vertical and horizontal
stresses to be applied independently to let the specimen consoli-
date under anisotropic conditions. Pore pressures can be con-
trolled to better represent the field conditions. In addition, the soil
specimen is confined by a very soft membrane so that side fric-
tions are eliminated to a great extent.

To adapt a conventional triaxial setup for consolidation of very
soft contaminated sediments, several modifications were imple-
mented. The loading system in a regular triaxial setup is designed
to apply displacements at a constant rate. However, in a consolida-
tion test, it is important to load a specimen in load-control condi-
tions. To apply a constant load on the specimen, an air piston was
attached at the top of the triaxial frame. The maximum pressure
that the air piston can apply is 1034 kPa. A load cell was attached
in between the air piston and the triaxial piston. The load cell had
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a maximum capacity of 11.3 kg. The precision of the load cell
was 60.005 kg.

The confining pressure around the specimen was provided by
using pressure regulators. The selected pressure regulators should
have a low pressure range but should reach pressures up to the
maximum required cell pressures. The pressure regulators had
maximum output capacity of 69 kPa.

In a typical pressure panel, burettes are filled with water to cap-
ture the volume change in the specimen or the cell. When the
applied pressure needs to be increased, air pressure is applied at the
top of the water column in the burettes. However, the height of
water in the burettes will create an additional stress and this stress
will add to the applied air pressure. Since the pressures dealt with in
a regular triaxial shear strength tests are reasonably high, this addi-

tional water pressure is usually ignored. In a typical pressure panel
with a burette length of 30 cm, applied pressures can be off by as
much as 2.76 kPa from the pressure panel reading depending on the
water level in the burette and the vertical location of the specimen
relative to the burette. When testing near-surface sediments, where
in situ effective stresses are fairly low, a 2.76 kPa difference in
applied effective stress would create a significant difference in the
consolidation behavior. To overcome this problem, differential pres-
sure transducers were connected at the bottom of the specimen and
the cell. It is important that the pressure transducers are connected
at the same height as the specimen and the cell. The differential
pressure transducers had a maximum pressure limit of 86 kPa.

In a typical triaxial test in which the pore fluid is expected
to be water only, latex membranes are preferred. However,

FIG. 1—(a and b) Pictures and (c) schematic of final apparatus.
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contaminants in soil pores can react with the latex membrane and
disintegrate it over the time of a consolidation tests (one test can
take few weeks). Therefore, neoprene membranes were used for
these tests since neoprene is non-reactive with most contaminants.
In addition, the effluent tubing should be non-absorptive. Teflon
tubing was used to overcome this problem.

Bladder accumulators were used in the setup to keep the efflu-
ent separated from the pressure panel and to avoid contaminants
reaching the panel. The effluent goes into the bladder accumulator
and pushes clean water out of the other half of the bladder into the
pressure panel. The bladder accumulators help collect the contam-
inants for further analysis. The bladder is made of a non-reactive
material; however, it is gas permeable.

A schematic of the final testing apparatus is shown in Fig. 1.
The vertical displacements are recorded with a dial gage or an
LVDT, which is placed on a plastic arm attached to the triaxial
piston. The volume change in the cell and specimen was measured
from the change in the volume of water in the burettes of the pres-
sure panel.

Materials

While preparing laboratory specimens, Soltrol 130 Isoparaffin sol-
vent was used to represent the NAPL phase in samples. Soltrol
130 is similar to a middle distillate such as diesel or kerosene. The
properties of Soltrol 130 can be found in Table I. Because Soltrol
130 is transparent and hard to identify when it is with water, it
was dyed with Sudan IV which is a fat soluble, red-colored dye.
In all specimens, de-aired tap water was used as the water in the
pore fluid. The samples very prepared by hand mixing (Fig. 2).
Pure Georgia kaolinite was used to represent the sediment. The
properties of kaolinite were well-defined in geotechnical practice
so that kaolinite provided a well-defined boundary for the soil
phase. Steward (2007) and Moretti (2008) performed triaxial con-
solidation tests on the actual NAPL contaminated sediments. The
results indicated that it was complicated to characterize the NAPL

behavior due to the variation of the soil properties. Therefore, this
research focused on using a uniform soil phase. By doing so, other
factors influencing the NAPL behavior can be investigated.

Preliminary Tests

Breakthrough Pressure Measurement

After making the above-mentioned modifications, to ensure the
breakthrough pressure was insignificant and water and oil could
drain out the system freely as separate phases, the flow of oil
through water-saturated porous stone, filter paper and the tubing
system was evaluated. To measure the breakthrough pressure, one
end of a pressure line was connected to the bottom of the pedestal
and the other end was placed vertically open to the atmosphere.
At the beginning, the triaxial cell was filled with Soltrol 130 up to
the top of the filter paper (Fig. 3(a) and 3(c)). At this condition,
applied breakthrough pressure was 0. The water level in the pres-
sure line on the side which was open to the atmosphere was at the
same level with the top of the filter paper. Mineral oil was slowly
added in to the cell and the height of the water in the tube was
observed.

Figure 3(b) and 3(d) shows that when mineral oil level is
approximately 28 mm above the filter paper, the water level on
the other side of the line increases significantly. This indicates that
mineral oil penetrated into the water-saturated filter paper and po-
rous stone system and pushed up the water on the other side of the
line. The result ensures that the breakthrough pressure of mineral
oil through the water saturated system is less than 0.21 kPa.

Hexane Extraction Procedure

The NAPL and water contents of samples after testing were meas-
ured with the moisture content (ASTM D2216-10 2010) and a test
for hexane extractible materials (U.S. Environmental Protection
Agency 1998). After the consolidation test is finished, the test
specimen was cut into six slices. From each slice two samples
were taken. The first sample was placed into an oven for fluid con-
tent test (NAPL and water). Moisture content was measured by
the difference in total evaporation during drying at 105 �C and
drying to complete elimination of the NAPL (volatile in this case).
The NAPL content of that slice was measured by performing the
Hexane Extraction procedure. The water in the samples was
removed by mixing the soil samples with Sodium Sulfate
(Na2SO4). Then, these samples were placed in thimbles and the
soxhlet extractor and the samples were continuously mixed with
hexane for 16 to 24 h to extract the NAPL. The fluid content mea-
surement procedure was summarized in Fig. 4.

In Table II, the estimated volumetric fluid contents at the end
of a consolidation test (calculated using the initial fluid content
and the consolidation test data) are compared to those from mois-
ture content and Hexane Extraction tests. In Table II, hX repre-
sents the ratio of the volume of “X” to the total volume of the soil.
NAPL saturation (SNAPL) is defined as

SNAPL�
VNAPL

VFluid

TABLE 1—Properties of Soltrol 130.

Soltrol 130 Isoparaffin Solvent

Boiling point 181�209 �C

Specific gravity 0.762 at 15.6 �C

Viscosity 1.55 cSt @ 38 �C

Vapor pressure 1.5 mm Hg @ 38 �C

FIG. 2—The soil specimen after kaolinite was mixed with (a) Soltrol 130 and
(b) Soltrol 130 and water.
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where:
VNAPL ¼ Volume of NAPL,
VFluid ¼ Total Volume of Pore Fluids.

The fluid contents comparison in Table II implies that the
amount of fluids after each consolidation stage can be successfully
estimated by using the consolidation data.

Sample Preparation

El-Sherbiny (2006) placed kaolinite in a tub and filled the tub
with water. The moisture content of kaolinite was measured at
various depths after the primary consolidation was finished. By
using the moisture content profile measured by El-Sherbiny

FIG. 4—Flowchart of the fluid content measurement.

TABLE 2—Final fluid contents calculated from consolidation test readings,
moisture content and hexane extraction tests.

Hexane Extraction and Moisture Content Tests Consolidation Test

hwater 44 % 46 %

hNAPL 12 % 14 %

htotal 56 % 60 %

SNAPL 21 % 23.0 %

FIG. 3—Breakthrough test when the mineral oil level is (a and c) at the top of the filter paper (zero breakthrough pressure) and (b and d) slightly higher than the
top of the filter paper (breakthrough pressure �0.21 kPa).
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(2006), the effective stress, moisture content profile was generated
for the kaolinite. Then the moisture content of kaolinite was
obtained for the imaginary samples which were located at depths
of 0.9 m and 1.1 m below the mudline. In both cases, it was
assumed that the depth of river was 3.3 m above the mudline. The
in situ stresses (vertical and horizontal stresses, and pore pressure)
were calculated for imaginary cases where the sample was located
0.9 m below the mudline for the clean sediments and 1.1 m below
the mudline for the NAPL-contaminated sediments. The place-
ment water content of the clean sediment samples was 90 %.The
initial void ratio (e0) for the clean sediments was 2.32, while it
was 2.05 for the NAPL contaminated sediments.

After determining the required fluid content for the correspond-
ing e0, all the samples were mixed by hand in a bowl with a spat-
ula (as seen in Fig. 2). Initial testing program showed that when
the samples with oil and water were mixed at this e0, the maxi-
mum possible water saturation was 30 %. For any higher water
saturation levels, the soil mixture became unstable and mineral oil
floated out due to the buoyancy forces. Therefore, for specimens
with oil and water pore fluid at water saturation higher than 30 %,
the specimens were prepared at 30 % water saturation and then
water is flushed through the specimen to push out the NAPL until
required water saturation is reached.

Specimen Setup

Before setting up the specimen, porous stones were saturated by
either boiling them in water or placing them in an ultrasonic
shaker for 20–25 min. Filter papers were saturated in a separate
beaker. All the pressure lines were saturated with water before
placing the soil mixture. Both the top cap and the bottom pedestal
sides were greased to provide a better contact with the membrane.
All samples had a diameter of 5.1 cm and a length of 10.2 cm. A
neoprene membrane was placed on the bottom pedestal. The
membrane was sealed by using 3 o-rings. A saturated porous stone
and a filter paper were placed inside the membrane on the bottom
pedestal. A vacuum split mold was then placed around the mem-
brane on the bottom pedestal and the top part of the membrane
was flipped over the mold. Vacuum was applied between the
mold and membrane for the membrane to take the form of the
mold. While placing the soil mixture into the membrane, the main
concern was to place the soil sample into the membrane at con-
trolled NAPL and water contents at a certain initial void ratio. In
addition, the sample should have been close to 100 % saturation.
The prepared soil mixture was placed in the membrane in several
lifts. After each lift, soil was compacted by slightly tamping with
a metal rod. By slight tamping, the fluid contents of the soil did
not change. In addition, in the tests where the specimen had only
one type of pore fluid (water or NAPL) after applying in situ
stresses calculated for the imaginary case, the B-value was meas-
ured around 0.97 in all tests. This indicated that the specimens
were very close to 100 % saturation. Therefore, tamping was con-
sidered as the best method to place the soil into the membrane.

After placing the soil in the membrane, a filter paper, a porous
stone and the top cap were placed on the top of the specimen. The
membrane was rolled over the top cap and sealed with 3 o-rings.
Pressure lines were connected to the top cap. For the clean sedi-

ments samples the triaxial cell was filled with water while the top
cap of the cell was still not in place. The vacuum split mold was
carefully removed by using spatulas and tongs while the water
was still in the cell. Specimen dimensions were assumed the same
as the vacuum split mold. When the sample had NAPL, the vac-
uum split mold was easily removed. No bulging or sample defor-
mation was observed due to the stress release. Specimen height
and diameter were measured at several locations. Then the cell
was assembled and filled with de-aired tap water. The triaxial pis-
ton was then placed in the divot on the top cap and locked without
applying any pressure on the specimen.

Flushing Stage

As mentioned earlier, if SNAPL was required to be less than 70 %,
the oil content decreased by pushing water from the top, which
caused the NAPL to expel from the bottom. This stage is called
the flushing stage. During the flushing stage, three lines connect-
ing the pressure panel and the triaxial cell were used for pressure
application: The first line was connected to the triaxial cell outside
the specimen; the second line was connected directly to the top of
the specimen; and the third line was connected to the bottom of
the specimen through the bladder accumulator. Initially, the cell
and the pore pressures were set to equal values. Then an extra
pressure was applied to the top of the specimen. A hydraulic gra-
dient was created due to the differential pressure at the top and the
bottom of the specimen. The water was flushed through the speci-
men from the top and pushed the NAPL out from the bottom. The
NAPL was collected in the top cell of the bladder accumulator.
By doing so, NAPL saturation was gradually reduced since the
NAPL in the specimen was replaced with water.

Consolidation Test Procedure

During the consolidation stage two lines were required between
the panel and the triaxial cell. One of them was connected to the
cell to control the cell pressure. The other line was connected to
the bladder accumulator. The bladder accumulator was connected
to the top and bottom of the specimen by using a t-connector. After
the flushing stage was over, the pressures at the top and bottom of
the specimen were set to the same value. Then cell pressure was
increased to the effective stress required for the first consolidation
stage. After that, pore pressures as well as cell pressure were
increased simultaneously until required pore pressure was reached
without changing the effective stresses during the process. The pis-
ton at the top was released and the vertical pressure was set to the
uplift compensation. The specimen was consolidated under initial
stresses calculated for the scenarios described previously.

During preliminary testing program, initially K0 was selected
as 0.5. K0 is defined as the ratio of horizontal effective stress (r

0
H )

to the vertical effective stress (r
0
v) on the soil specimen. However,

when K0 was 0.5 or 0.6, the sample failed during one of the con-
solidation stages. The reason for failure was considered due to the
fact that when K0 was 0.5 or 0.6, the applied horizontal stress did
not provide required confining pressure that would have been in
the field. It should be noted that these failures occurred under con-
solidated-undrained (or mostly undrained) conditions. If the ratio
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of the undrained shear strength to the effective vertical stress (c/p
ratio) of this soil is 0.25, that would give a total stress friction
angle (U) of 14� giving an undrained active earth pressure coeffi-
cient (Kactive) of 0.61. If the shear-induced pore water pressures
dissipated before the specimen failed, then the effective stress fric-
tion angle ( U’) would have been much higher (greater than 30 or
even 40 degrees at these low normal stresses). Failure was not
observed when K0 was 0.7. Therefore it was assumed that the rep-
resentative K0 of this soil was between 0.6 and 0.7. Preliminary
testing program showed that K0 of 0.5, 0.6, or 0.7 did not have a
significant effect on the consolidation behavior (as can be seen
later on in Fig. 6). In all latter tests, K0 of 0.7 was used.

Both the horizontal and vertical pressures felt by the specimen
are directly related to the pore pressure distribution in the speci-
men. When an additional load is applied on the specimen, initially
this load is carried by the pore fluid. This additional load is then
transferred to the soil skeleton as the excess pore water pressure is
dissipated. Therefore, when a constant cell pressure is applied to
the specimen in a triaxial setup, the vertical pressure required to
keep the K0 condition will increase proportional to the excess
pore pressure dissipation. Therefore in all consolidation tests in
the current study, the vertical pressures are applied incrementally
to ensure the applied vertical stresses maintained the K0 equal to
0.7. The initial pore pressure dissipation curve was obtained from
an isotropic consolidation test. In Fig. 5, the expected consolida-
tion curve was labeled “Isotropic Consolidation.” The curve “K0

Condition” indicates the volumetric strain changes when the verti-

cal load is applied following the pore pressure dissipation in the
isotropic test. The figure shows that the observed consolidation
behavior matches perfectly with the pore pressure dissipation dur-
ing the consolidation stage.

Results

Water-Saturated Specimens

During the initial testing program, kaolinite was mixed with water
only to prepare clean sediments samples. The lateral earth pressure
coefficient (K0) was varied to observe the effect on consolidation.

The void ratios versus effective stress relationships found in
the current study for the clean sediments were similar to the
results reported in Olson and Mesri (1970) for water-saturated
specimens of kaolinite (Fig. 6). In addition, the depth of water
above the sediment did not affect the results for water-saturated
specimens since the effective stresses were the same (the curve la-
beled “K0¼ 0.7 (I)” in Fig. 6 is for the stress condition where the
mudline is 1.5 m below the water surface, while the curve labeled
“K0¼ 0.7 (II)” is for a 3 m water depth). It can also be concluded
that there is no significant change in consolidation behavior for K0

of 0.5, 0.6, and 0.7.
Mesri and Olson (1971) conducted hydraulic conductivity tests

on water saturated kaolinite specimens. Coefficients of consolida-
tion values were back-calculated by using the hydraulic conductiv-
ity values reported in their study. The coefficients of consolidation
values found in this study were compared with Mesri and Olson
(1971) in Table III.

Oil and Water Saturated Specimens

Six consolidation tests were performed at varying NAPL saturation
ratios (SNAPL). (15 % to 100 %). Oil-wetted specimens were pre-
pared by mixing the kaolinite with oil first and then water. In
water-wetted specimens, the opposite order of mixing was fol-
lowed. Three of the specimens were prepared as water-wetted while
the other three were oil-wetted. All the specimens were mixed to

FIG. 5—Comparison of the K0 consolidation curve with the isotropic consoli-
dation curve.

FIG. 6—Summary of consolidation test results for water-saturated specimens.

TABLE 3—Comparison of measured rates of consolidation for water-satu-
rated specimens.

Coefficient of Consolidation (cm2/min)

Effective Stress (kPa) Current Study Mesri and Olson (1971)

10.3 0.07 0.07

15.2 0.08 0.07

TABLE 4—The properties of soil specimens tested.

Test Type SNAPL Cc

1 Oil-saturated 100 % 0.41

2 Oil-wetted 70 % 0.40

3 Water-wetted 70 % 0.44

4 Oil-wetted 42 % 0.56

5 Water-wetted 39 % 0.47

6 Water-wetted 15 % 0.56
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70 % of SNAPL and compacted at a void ratio of 2.05. The NAPL
contents were then decreased to the desired values through water
flushing as mentioned in the specimen preparation section. NAPL
contents and compression indices (Cc) of all the tests are given in
Table IV. Cc values varied between 0.40 and 0.56.

Figure 7 shows void ratio versus vertical effective stress rela-
tions for all specimens. Due to the consolidation during the flush-
ing stage, initial void ratios are lower when the desired initial
NAPL saturation is lower due to longer flushing. While the com-
pression index values vary with NAPL saturation ratios, they do
not show significant differences. However, the general trend
shows that sediments with higher SNAPL, tend to be stiffer. In two
tests where SNAPL is at 70 %, the consolidation behavior is very
similar although one of the specimens is oil-wetted and the other
is water-wetted. A similar conclusion can be made when the tests
with SNAPL of 42 % and 39 % are compared. The results show
that there is no significant difference in consolidation behavior
between the oil-wetted and water wetted specimens.

Figure 8 shows the change in void ratio with increasing effec-
tive stress of tests conducted on water-wetted specimens where
the initial SNAPL was below 35 %. In Figs. 8–11, the continuous
line indicates that the expelling fluid during the consolidation
stage is only NAPL, whereas the dashed line indicates that only
water was expelled during the consolidation process.

Figure 9 shows how the SNAPL changes with increasing verti-
cal effective stress. As seen, when SNAPL reaches 18 %, the NAPL
is no longer mobilized by changes in the confining pressure. The
SNAPL indicates the ratio of volume of NAPL to the total volume

of the pore fluids and does not take into account the amount of
soil solids. Therefore, a change in SNAPL is not a direct measure of
the amount of retained oil in the sediment since the total volume
of the pore fluid can be changing due to water expulsion, whereas
hNAPL includes the volume of both fluids as well as the volume of
soil solids.

As seen in Fig. 10, the change in hNAPL shows a more charac-
teristic trend when compared with the results in Fig. 9. Therefore,
hNAPL seems to provide a better way of quantifying the amount of
residual NAPL. When hNAPL is around 12 %, the NAPL is no lon-
ger mobilized.

FIG. 7—Void ratio versus effective stress relation of the tested specimens.

FIG. 8—Void ratio versus vertical effective stress curves for water-wetted
specimens.

FIG. 9—Change in NAPL saturation during the test.

FIG. 10—Change in volumetric NAPL content during the test.

FIG. 11—Change in weight of NAPL per weight of soil solids.
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Figure 11 shows the change in the weight of NAPL (WNAPL)
per weight of soil solids (WSolids). The results indicate that when
WNAPL/WSolids is between 8 % and 10 %, NAPL in the soil matrix
is immobilized.

Summary and Conclusions

In this study, a triaxial setup was implemented for testing the con-
solidation potential and resulting NAPL expulsion of soft, conta-
minated sediments. Several modifications were made to a
conventional triaxial setup for consolidation testing under very
low effective stresses. Bladder accumulators were used to collect
the effluent for further analysis of the effluent.

A specimen preparation method was presented to prepare
specimens at desired oil saturation ratios. Initial testing showed
that the effect of K0 was observed to be negligible on void ratio
versus effective stress relationship.

Six consolidation tests were conducted on a model soft sediment
(kaolinite) at different oil saturation ratios. The results showed that
Cc values varied between 0.40 and 0.56. When the NAPL content
was higher, generally the soil was stiffer. The oil-wetted and water-
wetted specimens showed similar consolidation behavior.

The results of tests with kaolinite, Soltrol 130 and water mix-
ture showed that approximately 0.1 g of NAPL per 1 g of soil sol-
ids is unlikely to be mobilized by consolidation. The volume of
NAPL above this retained residual can be used to design a con-
tainment system. Design of a capping system should be done only
for the amount of the NAPL expected to be expelled. This will
result in a thinner cap, and lesser amount of work will be required
to place the cap material. The results showed that the proposed
test setup and specimen preparation method was successful to
evaluate the consolidation behavior of the model sediment.
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