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literature indicate that there is a discrepancy regarding seawater effect on the
consistency limits and compressibility properties of clayey soils having relatively low and high plasticity. To
clarify this discrepancy, consistency limits including liquid, plastic and shrinkage limits, sediment volume
and compressibility characteristics of ten soils were tested using distilled water and natural seawater from
the Aegean Sea. The results indicate that the effect of seawater is negligible on the tested consistency limits
and compressibility characteristics of soils when they have liquid limits up to 110%. The seawater effect is
most noticed on the consistency limits and compressibility of Na-bentonites. The results of previous research
were compiled and compared with those obtained in this study. All reported data were normalized by
dividing the index values obtained using seawater by those obtained using distilled water. The comparison of
data indicate that the compiled data and present study data are in good agreement, i.e. when the normalized
values are plotted as function of liquid limit, all index properties plot along the unity line until the liquid limit
of soils is about 110%; then, the normalized index values decrease almost linearly with liquid limit.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Clays are important constituent of soils, which evolve mainly from
chemical weathering of rockforming minerals, and regarded as fine-
grained soils in geotechnical engineering. Clays may show considerably
different engineering behaviormainly depending on theirmineralogical
and chemical compositions. Pore fluid chemistry may significantly alter
the chemical compositions of clays by means of exchangeable cations,
which govern the engineering properties of clays in most cases.

All clays havehighaffinity forwater; yet, some clayey soils swellmore
than others. Swelling clays such as montmorillonite mineral groups
bring serious problems including large settlements under superstruc-
tures or hydraulically permeable in the case of change in the pore fluid
characteristics. Such problems mostly arise from changes in physico-
chemical state of soil particles, resulting changes in the thickness of the
diffuse double layer. Pore fluid chemistry is one of the factors that
influence the adsorbedwater layer thickness surrounding the clays. That
is, strong cation concentration, high cation valence and acidic environ-
ment dramatically decrease the double layer thickness around the clay
particles. Hence, the performance of earth structures such as imperme-
able clay liners changes dramatically when the pore fluid chemistry of
the system changeswith time. On the other hand, double layer thickness
around non-swelling clays reduces when exposed to chemicals as well.
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However, this is not as pronounced as swelling clays. Thus, changes in the
pore fluid of the system do not significantly alter the performance of
earth structures composed of non-swelling clays.

There are several studies reporting variations in engineering
behavior of clays or clayey soils upon testing with pore fluids other
than distilled water or tap water. A detailed summary of these studies
can be found in Bowders and Daniel (1986), Sridharan (1991), Di Maio
(1996), Kaya and Fang (2000) and Ören and Kaya (2003). These studies
reported that inorganic salt solutions have a strong impact on the
engineering behavior of clays, especially on swelling clays. However,
the effects of saline waters on the compressibility and/or swelling
behavior of soils are not knownwell. The effects of saline waters on the
engineering behavior of soils need to be determined since the salinity of
pore fluid of finegrained soils near coastal areas increases continuously.
Such increase is due mainly to lowering the groundwater level below
mean sea level in coastal areas, resulting in seawatermigration towards
land. For example, Don et al. (2006) reported that some important
problems occurred due to extensive ground settlement upon salinity
intrusion from pumping of groundwater in the Shiroishi lowland plain,
southwestern Kyushu Island of Japan. Similarly, the groundwater level is
dropping continuously in various parts of the coastal areas of Turkey,
due to excessive withdrawal for industrial and agricultural purposes,
causing intrusionof seawater toward land.Moreover, ground settlement
related problems and other problems should also be expected from sea
level rise because of global warming.

The aim of this study is to determine the rate of change in some of
the geotechnical engineering properties of clayey soils when exposed
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Table 1
Physicochemical properties of the tested soils

Clayey
soil #

Clay
fraction
(b2 µm)

Specific
gravity

Cation exchange
capacity
(meq/100g)

Soil
organic
matter (%)

Activity Dominant
mineral

#1 21 2.75 5.9 1.8 0.31 Chlorite
#2 N/A 2.77 24.5 – Vermiculite
#3 28 2.48 24.0 10.5 0.83 Halloysite
#4 46 2.63 10.7 1.5 0.94 Illite
#5 75 2.64 38.4 5.2 0.54 Montmorillonite
#6 77 2.76 26.2 4.4 0.49 Mixed Mineral
#7 56.8 2.37 132.3 5.0 1.23 Montmorillonite
#8 82 2.50 83.7 7.0 0.65 Montmorillonite
#9 80 2.76 67.1 2.2 3.51 Montmorillonite
#10 90 2.72 127.9 2.3 3.82 Montmorillonite

Table 3
Consistency limit test results

Soil
#

Distilled water Seawater

LL
(%)

PL
(%)

SL
(%)

PI (%)
(LL–PL)

SI (%)
(LL–SL)

LL
(%)

PL
(%)

SL
(%)

PI (%)
(LL-PL)

SI (%)
(LL–SL)

#1 24.5 18.1 15.9 8.6 8.6 24.7 17.1 15.8 7.6 8.9
#2 48.7 36.5 32.7 12.2 16.0 47.9 37.1 32.7 10.8 15.2
#3 58.4 35.1 27.6 23.3 30.9 56.8 32.3 24.0 24.5 32.8
#4 60.3 17.7 16.7 42.6 43.6 58.0 17.0 17.1 41.0 40.9
#5 70.0 29.8 16.8 40.2 53.2 66.2 29.4 17.8 36.8 48.4
#6 72.2 34.7 17.3 37.5 54.9 63.6 30.3 18.8 33.3 44.8
#7 111.9 41.8 8.3 70.1 103.6 107.0 41.5 8.7 65.5 98.3
#8 113.6 60.7 19.8 52.9 93.8 113.0 60.2 28.2 52.8 84.8
#9 330.7 49.9 7.1 280.8 323.6 89.6 42.3 19.5 47.3 70.1
#10 395.8 52.4 11.7 343.4 384.1 123.6 50.0 13.3 73.6 110.3
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to seawater with respect to distilled water. Thus, ten clayey soil
samples having different clay mineralogy were gathered from various
parts of Turkey, and subjected to the consistency limits, sedimentation
and one-dimensional consolidation tests. Since the outcomes of these
tests are beneficial and easy to determine, most of the researchers and
engineers prefer to use these indices in order to anticipate the other
soil properties. It is believed that this study fills an important gap in
the literature, and provides new data and approach for the researchers
and engineers to evaluate effect of seawater on clayey soils.

2. Previous studies

The effect of inorganic salt solutions on the engineering properties
of clays or clayey soils was extensively investigated by many
researchers (Moore, 1991; Rao et al., 1993; Di Maio, 1996; Jo et al.,
2001; Ören et al., 2004; Di Maio et al., 2004). The published data show
that clay structure undergoes changes in the particulate levels when
clayey soils are exposed to artificial seawater. For example, Sridharan
(1991), Rao et al. (1993), Sivapullaiah and Savitha (1999), Sridharan et
al. (2002) and Ören and Kaya (2003) reported the effects of inorganic
salt solutions on consistency limits of clayey soils in detail. Some of
these studies reported slight increase in the liquid limits of non-
swelling clays such as kaolinitic and mixed clay minerals when
exposed to strong salt solutions (Sridharan, 1991; Sridharan et al.,
2002; Ören and Kaya, 2003). Contrary to kaolinitic clays, the liquid
limit of montmorillonitic clays dramatically decreases when exposed
to salt solutions (Rao et al., 1993; Di Maio, 1996; Gleason et al., 1997;
Anson and Hawkins, 1998; Di Maio et al., 2004).

Researchers evaluated the salt solution effect on the sedimentation
characteristics of clays as well. Determining the sedimentation behavior
of clays is important since it shows good correlation with index and
consolidation parameters (Imai, 1980; Sridharan et al., 1988; Sridharan
and Prakash, 1999; Prakash and Sridharan, 2002; Ören et al., 2004).
However, sedimentation behavior of clays is rather complex due to the
small solid/liquid ratio in sedimentation tests (Imai, 1980; Kaya et al.,
2006). Thus, sedimentation characteristics of kaolinitic and montmor-
illonitic soils do not show clear-cut behavior when exposed to salt
solutions. For example, Sridharan and Prakash (1999) reported that
sediment volumes of kaolinitic clays increased with increasing salt
concentration in the pore fluid. However, Chen and Anadarajah (1998)
noted that the void ratio and hence sediment volume of kaolinite
decreases as the salt concentration increases.Örenet al. (2004)observeda
limited increase for the sediment volumes of chloritic clay. However, they
reportednochange for thoseof kaolinitic soilswhen testedwith seawater.
Table 2
ICP analysis of the seawater

Sample Ca (ppm) Na (ppm) K (ppm) Mg (ppm) Cl (ppm) Al (ppb) Cu (ppb)

Seawatera 547 145 518 16.2 21,321 35 7.6

a 100× dilution.
The seawater effect on compressibility characteristics of clays is
more pronounced for bentonites, especially for sodium bentonites (Di
Maio, 1996; Di Maio et al., 2004). On the other hand, Rajasekaran and
Rao (2002) and Di Maio et al. (2004) indicated that consolidation
behavior of a marine clay and kaolinite is similar when they are
exposed to both water and seawater. Recently, Ören et al. (2004)
performed consolidation tests on five different clays having liquid
limit values up to 110%. The results showed that compression indices
Fig.1. The relationships between index properties of clayey soils with their liquid limits:
a) plasticity index, b) shrinkage index, and c) sediment volume.



Fig. 3. Influence of porefluid on the index properties of clays: a) plastic limit b) shrinkage
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of clays remain more or less the same when the clayey soils are tested
with water or seawater.

3. Materials and methods

3.1. Materials

In this study, ten clayey soils with different mineralogy were
collected fromdifferent parts of Turkey. All samples are natural, except
Sample #9 and Sample #10 which were sodium saturated by the
manufacturer. X-ray powder diffraction patterns were obtained using
a Philips diffractometer and CuKα radiation. The dominantminerals of
the soils and their clay fraction of the samples are given in Table 1.

3.2. Methods

All soil samples were ovendried (80 °C–48h ), crushed and sieved
through No. 200 sieve (75 μm). Grain size distribution, specific gravity,
cation exchange capacity (CEC), and soil organic matter (OM) of the
samples were determined according to ASTM D-422-63, ASTM D-854-
92, Na method (Chapman, 1965), and ASTM D-2974-87, respectively.
The test results are given in Table 1. Liquid, plastic, and shrinkage
limits were determined according to British Standards (BSI, 1990),
ASTM D4318-98, and ASTM D-427-93, respectively. The consistency
limit tests were replicated more than two times, and the average
values were presented here. Natural Aegean seawater and distilled
water were used as reconstitution fluids in all experiments. The
chemical composition of the seawater was determined using ICP
(inductively coupled plasma) by ACME analytical laboratories in
Canada (Table 2).

Compressibility characteristics of the samples were determined
using one-dimensional consolidation test apparatus according to
Fig. 2. Influence of pore fluid on the index properties of clays: a) liquid limit, b) plasticity index, c) shrinkage index, and d) sediment volume.

limit.
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ASTM D 2435-96 (ASTM, 1999). The soil samples were tested in a
standard fixed ring consolidometer using stainless steel rings. Except
for one of the vermiculitic soil, all specimens were tested at their
Fig. 4. a–j. The effect of pore fluid on the compressibilit
liquid limit to eliminate the effect of initial water content on results.
Having limited amount of vermiculite restricted us to replicate this
test again. The soil specimens were remolded in the rings with special
y characteristics of ten clayey soils (soils #1–#10).



Fig. 5. Influence of pore fluid on the a) compressibility and b) swelling characteristics.
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care to prevent any air entrapment in the specimens. A load increment
ratio of unity was adopted, and soil specimens were restrained
laterally and loaded axially with total stress increments. Each loadwas
maintained until the end of primary consolidation. The swelling
characteristics of the samples were observed by unloading the sample
after the completion of the loading process. The compression indices
of the samples were determined from an e-log σ′ graph with effective
stress ranges between 98 and 196 kPa. The swell indices were
determined from the same graph with stress ranges between 196 and
49 kPa.

Sridharan and Prakash (1999) suggested using 10 g of soil for
sedimentation tests. However, this is very high amount for Nabentonite
suspensions because of their extremely high swell potential. For better
comparison between soil indices and the sedimentation characteristics,
suspensions containing 5 g air-dried clay were prepared in 100 ml
graduated cylinders, and filled with distilled water and seawater. Then,
the suspensions were shaken thoroughly by hand and allowed to settle,
and monitored until no change in sediment thickness is recorded.
Sedimentation tests continued up to 2.5 years for the Na-bentonites in
the presence of water.

4. Results

4.1. Index properties

The results of the index properties of clayey soils are listed in Table 3,
and plotted as a function of liquid limit in Fig. 1. As shown in Fig. 1, the
liquid limits of the clayey soils have good correlationwith their plasticity
index, shrinkage index and sediment volumes. All coefficients of
determination are higher than 0.89. Note that plasticity index (PI) and
shrinkage index (SI) have much better regression coefficients with the
liquid limit than sediment volume. Furthermore, it is noteworthy that
seawater treatment did not cause any scattering in Fig. 1 and they are in
the same trend line with water treated samples.

The results of Fig. 1 are reanalyzed to highlight the impact of pore
fluid on the index properties of the tested clayey soils in Fig. 2. As
Fig. 2a reveals, the liquid limits of the clayey soils are not affected by
seawater treatment until the liquid limits of clays with water are
higher than 110%. Above this liquid limit value, the effect of seawater
treatment is more pronounced. Similar conclusions can be drawn for
the plasticity index, shrinkage index and sediment volumes of the
clays when tested with both liquids (Fig. 2b–d). The seawater
treatment becomes significant when the plastic and shrinkage indices
aremore than 70% and 104%, respectively. However, this limit is 4 cm3/
g for the sediment volume. As indicated in Fig. 2a through d,
significant decrease occurs in the consistency limits of Na-bentonites
when exposed to seawater. Unlike other samples, illitic sample shows
higher sediment volume inwater than in seawater, causing significant
deviation from the 1:1 line. Although the bentonitic soils have similar
clay fractions (Table 1), they have different activity or consistency
limits values. This is probably due to the variations in the (i) mon-
tmorillonite contents, and (ii) exchangeable or bound cations on the
bentonite surface or interlayers of clay particles.

The effects of seawater on plastic and shrinkage limits of clays are
shown in Fig. 3. Note that seawater causes some scattering in the
plastic and shrinkage limits of soils when comparedwith other indices
plotted in Fig. 2ad. Since these tests are operator dependent, the
scattering probably originated from the uncertainties in determining
both the plastic and the shrinkage limits. Thus, using plasticity index
or shrinkage index minimizes the possible errors emanated from the
operators.

4.2. Compressibility and swelling properties

The results of one-dimensional consolidation tests are given in
Fig. 4. As indicated above, all soil samples were tested at their liquid
limits except for vermiculite whose compressibility characteristics are
presented in Fig. 4b. The water content of this soil was lower than its
liquid limit when prepared with both water and seawater. Thus, the
compressibility characteristics of this soil are somewhat different
from those tested at their liquid limit. Thus, this soil is excluded when
results are evaluated. For the rest of the soils, as seen in Fig. 4i–j, the
seawater effect is very pronounced for only Na-bentonites. Note that
the compressibility characteristics of other soils tested are not
significantly affected by seawater.

Fig. 5a and b summarize the results of the compression and
swelling indices in terms of pore fluid. It is clear in Fig. 5 that the
compression and swell indices of Nabentonites plotted far away from
the 1:1 line. Although wide variety of clay minerals was used in this
study, the obtained results indicate that seawater has limited effect on
the compressibility of clayey soils having liquid limit less than 110%.

Sridharan and Nagaraj (2000) reported that a plot of compression
and swell indices vs. consistency limits is linear. However, the results
of present study indicate that such plots can be best described with a
polynomial curve (Fig. 6). Note that the regression coefficients
between consistency and compression index (Cc) and swelling index
(Cs) are higher than 0.94 for all consistency limits considered.

5. Discussion

Although there is consensus among researchers that consistency
limits of soils composed of mostly montmorillonite minerals decrease
with seawater, there is no agreement on how seawater affects the
consistency limits of kaolinitic soils. For example, Sridharan (1991)
reported that inorganic ion concentration causes an increase in the
consistency indices of kaolinitic soils and indicated that capped water
between edge-to-face soil aggregates due to flocculation causes an
increase in the consistency limits. In this regard, the existing data
reported in open literature was compiled to determine the effect of



Fig. 6. The relationships between the consolidation and index parameters: compression and swell indices with: a) liquid limit, b) plasticity index, c) shrinkage index, and d) sediment
volume.
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either synthetic or real seawater on the index and compressibility
properties of soils. For comparison purposes, the data normalized by
dividing the parameters that obtained with seawater or strong salt
solutions (generally above 0.5 N salinity) with those obtained using
distilled water. Then, the normalized index value was plotted as a
function of liquid limit obtained using distilled water. Fig. 7 shows the
normalized soil index and compressibility values. Note that most of
the data in this study plots around the unity line up to liquid limit of
110%; then, the index and the compressibility properties of soils
decrease linearly on log–log graph (Fig. 7a through f). This effect is
more pronounced for highly active clayey soils. The influence of
seawater on the shrinkage index, sediment volume and compressi-
bility characteristics of clayey soils is limited in the literature (Fig. 7c
through f). Therefore, an extensive comparison can be made only for
the liquid limit and plasticity index of clayey soils (Fig. 7a and b). As
indicated in Fig. 7a, most of the liquid limit data of the Canadian glacial
deposits reported by Torrance (1984), and Geertsema and Torrance
(2005) plot above the unity line. However, the data reported by
Barbour and Yang (1993) for glacial deposits of Canada plot below the
unity line. The data of Ariake marine clays of Japan reported by
Ohtsubo et al. (1996) and Sridharan et al. (2002) plot slightly above the
unity line as well.

Fig. 7b shows that normalized plastic index shows similar trend as
liquid limit with somewhat increased scatter. Fig. 7c shows the



Fig. 7. The relationship between the normalized values of tested parameters with respect to pore fluid and liquid limits of clays in water: normalized a) liquid limits, b) plasticity
indices, c) shrinkage indices, d) sediment volumes, e) compression indices, and f) swell indices.
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seawater effect on the shrinkage index of the soils. One of the data sets
of Sivapullaiah and Savitha (1999) successfully fill the gap between
Na-bentonites and other clayey soils of this study. There is no
significant change in the shrinkage limit up to liquid limit 110%, the
data close to the unity line; however, after this shrinkage value of soils
tested using seawater starts to deviate from those obtained using
distilled water.

Unfortunately, there is limited data documenting the seawater
effect on the sediment volume of soils. Those presented in Fig. 7d are
of Sridharan and Prakash (1999) and this study. Fig. 7d reveals that the
normalized sedimentation volume shows scattering around the unity
line. However, it is also noted that the sedimentation characteristics of
clays are rather complex and strongly dependent on the pore fluid
chemistry, clay mineralogy, solid/liquid ratio, etc. (Sridharan and
Prakash, 1999; Kaya et al., 2006). The main differences between this
study and that of Sridharan and Prakash (1999) are the solid/liquid
ratio and pore fluid chemistry inwhich they performed sedimentation
tests with 10 g oven-dried clays and artificially prepared seawater.

The effect of seawater on the compression and swell indices are
evaluated as a function of liquid limit in Fig. 7e and f, respectively. As
indicated in Fig. 7e and f, results of this study are in good agree-
ment with those of previous researchers. Although data belonging to
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DiMaio et al. (2004) are far below the unity line (approximately at 0.3)
at the liquid limit of 110% (Fig. 7e and f), the seawater effect is being
significantly pronounced above the liquid limit of 110%.

Sridharan (1991) argue that kaolinites have an ability of making
edge-to-face particle arrangements because of change in the pore
fluid chemistry, and form flocculated fabrics that govern the
engineering properties. He reported that air pockets that occurred
between the flocculated particles capped the available water during
the tests, and caused an increase in the liquid limit and sediment
volumes of kaolinites. This conclusion is valid to some extent for
mainly kaolinitic and illitic glacial tills. The data of Torrance (1984) and
Geertsema and Torrance (2005) plot above the unity line in Fig. 7a and
b, which supports Sridharan's (1991) theory.

Fig. 7 has very significant implications. The presented results
herein and literature findings indicate that seawater effects on the soil
indices of soils with liquid limit less than 110% minimal. The results
reveal that seawater effect on soils with liquid limit less than 110%
shows variations with geological characteristics. Canadian glacial soils
are good examples to illustrate the effect of geology on obtained
results. Above 110% liquid limit, however, clay mineralogy and type of
exchangeable cations (i.e. Na-bentonite) have distinctive effects on the
consistency limits and compressibility characteristics of clayey soils.
Diffuse double layer governs the engineering behavior of these soils. In
the presence of strong salt solutions, like seawater, the thickness of the
diffuse double layer dramatically decreases. Due to high ionic strength
of seawater, salt cations replace with cations that are present in clay
structure. As a result of this phenomenon, the engineering behavior of
these soils significantly changes.

6. Conclusions

The results of the present study show that seawater effect becomes
significant when liquid limit, plasticity and shrinkage indices aremore
than 110%, 70% and 104%, respectively. Based on the results obtained in
this study and from literature, it can be said that kaolinitic, chloritic
and mixed mineral clays are not significantly affected from the
seawater treatment when compared to montmorillonitic clays.
Generally, engineering behavior of montmorillionitic soils dramati-
cally change in the presence of seawater.

The results obtained along with the existing literature data also
indicate that seawater begins significantly affecting the consistency
indices and compressibility parameters of soils when the liquid limit is
greater than 110%. Beyond this limit, the individual soil index values
decrease linearly on a logarithmic plot. However, it should be noted
that some of the results do not follow this trend. Especially, the data
concerning glacial and non-glacial marine deposits deviate from the
behavior described above.
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