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Abstract 
By analyzing the cation composition of pore water in the soil samples of Ariake Bay sediments, the 
present study assesses the development of quick clay by leaching in both the original and seawa- 
ter-saturated soil samples. Divalent cations were dominant in the pore water of the original soil 
sample, whereas Na+ was the major cation in that of the seawater-saturated soil sample. The ca- 
tion proportion in the pore water for both soil samples remained the same after leaching. The dif- 
ference in pore water cation composition between the original and seawater-saturated soil sam- 
ples affected how their geotechnical properties changed through leaching. The undisturbed shear 
strength of both soil samples remained almost the same, but a large disparity between the soil 
samples was observed in the remolded shear strength: it remained almost the same in the original 
soil sample after leaching. Hence, sensitivity was not increased and quick clay was not formed. 
However, in the seawater-saturated soil sample, the remolded shear strength decreased to a great 
extent, and quick clay with a sensitivity exceeding 700 developed. The lack of development of 
quick clay in the original soil sample is attributed to the dominance of divalent cations in the pore 
water, and the development of quick clay in the seawater-saturated soil sample is ascribed to the 
dominance of Na+ in the pore water. 
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1. Introduction 
Marine soft clay has a flocculated structure and aggregated arrangement that provides a framework with an in- 
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herent strength at a high void ratio. Although a reduction in the pore-water salinity of marine sediments due to 
the flow of groundwater (or its diffusion process) causes little change in the soil structure, it can cause a re- 
markable change in the interparticle forces, resulting in the development of high sensitivity [1]-[3]. Sensitivity is 
a measure of the shear strength loss of an undisturbed soil material when it is remolded, and is defined as the ra- 
tio of the undisturbed shear strength to the remolded shear strength. A soil material that has a sensitivity greater 
than 30 and exhibits remolded shear strength less than 0.5 kPa is called quick clay [4]. Quick clay is a soil ma- 
terial that changes from a stiff mass to a viscous fluid when it is thoroughly remolded. Such soil behavior has 
caused massive landslides in the ground of Scandinavia and eastern Canada, where the ground is composed of 
marine sediments that were elevated above sea level after the last glacial retreat and were subjected to leaching 
of salt in pore water [2] [5] [6]. Quick clay is also found in the sediments exposed to freshwater in the Ariake 
Bay area of Japan [7] [8]. 

The leaching of salt from pore water in marine sediments forms quick clay, but this does not occur for all se- 
diment. It has been found that quick clay does not develop in Norwegian and Canadian clays that are dominated 
by divalent cations in pore water [9]-[11]. Similarly, the sediment that did not exhibit quick behavior by salt- 
leaching was found in the Ariake Bay area [12]. In this study, to assess whether or not quick clay develops, 
leaching is performed in the original and seawater-saturated soil samples of undisturbed Ariake Bay sediments, 
and the cation composition of pore water is then analyzed. 

2. Materials and Methods 
2.1. Soil Sample 
The soil sample used in this study was a portion (5.0 to 5.9 m depth) of the undisturbed sediment obtained by 
thin-walled tube sampling at the Shiroishi site (Lat. 33˚11'8''N, Long. 130˚6'4''N) in the Ariake Bay area, Saga 
Prefecture, Japan (Figure 1). Two types of soil samples were prepared for testing. One was an original soil 
sample, and the other was a seawater-saturated soil sample that was obtained by saturating an original soil sam- 
ple with artificial seawater. 
 

 
Figure 1. Location of sampling site. 
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2.2. Seawater-Saturated Soil Sample Procedure 
The original soil sample measuring 60 mm in diameter and 20 mm in height was prepared by trimming the un- 
disturbed soil sample that was extruded from the thin-walled tube. The trimmed soil sample was placed in a 
fixed consolidation ring made of brass, measuring 60 mm in diameter and 20 mm in height, and allowed to con- 
solidate under a vertical pressure equivalent to the effective overburden pressure on the soil sample in the field. 
This continued until primary consolidation was completed. Artificial seawater with a typical ion composition 
(Table 1) was prepared using commercially available seawater powder (Marine Art SF-1, Tomita Pharmaceuti- 
cal Co., Ltd., Japan). The artificial seawater was introduced from a standpipe with inside diameter of 1.5 cm into 
porous stone with a pore size of 0.18 mm; the water was allowed to percolate through the original soil sample 
(Figure 2). The artificial seawater was left to percolate for one week, until the salinity of leachate from the 
original soil sample was identical to that of the artificial seawater. 

2.3. Salt-Leaching Procedure 
Leaching for salt removal was conducted on both the original and seawater-saturated soil samples. Soil samples 
were prepared according to the same procedure as the seawater-saturated soil sample. Deionized water in the 
standpipe was introduced to the soil samples under an 80 cm hydraulic head via the porous stone at the bottom 
of the consolidation ring, and leachate from the upper porous stone was collected every 12 h for analysis of the 
pore water chemistry (Figure 2). The leaching process was considered to be complete when a constant mini- 
mum salinity was observed in the leachate. In this experiment, a maximum water permeation of 363 mL was 
consumed. 
 

Table 1. Chemistry of artificial seawater. 

Chemistry Value 

pH 8.3 

EC (mS/cm) 79 

Na+ (mg/L) 11,000 

K+ (mg/L) 350 

Ca2+ (mg/L) 340 

Mg2+ (mg/L) 760 

Cl− (mg/L) 19,800 
2
4SO − (mg/L) 2420 

 

 
Figure 2. Schemactic diagram of the consolidation ring for leaching. 
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2.4. Permeability Test Procedure 
The permeability of both original and seawater-saturated soil samples during leaching was determined based on 
the principle of the falling head permeability test. The deionized water in the standpipe was allowed to flow 
through the soil sample. The quantity of permeating water was measured by observing the rate of water level 
reduction within the standpipe as a function of time. The soil samples’ coefficients of permeability were com- 
puted using Equation (1) [13]. 

( )
1

10
1 2 2

2.3 log haLk
A t t h

=
−

                                   (1) 

where a is the cross-section area of the standpipe, L is the thickness of the soil sample in the consolidation ring, 
A is the cross-sectional area of the consolidation ring, t1 is the time at which the water level in the standpipe is at 
h1, t2 is the time at which the water level in the standpipe is at h2, and h1 and h2 are the heads between which the 
permeability is determined. 

2.5. Clay Mineral Identification Procedure 
Original soil sample suspensions for X-ray diffraction analysis were treated with 7% H2O2 to remove organic 
matter, deflocculated by sonification, and then adjusted to a pH of 10 with 1 M NaOH. The <2 μm clay fractions 
were then siphoned from the soil suspension and collected. Duplicate clay suspensions were prepared, each 
containing 50 mg of clay fractions. One was saturated with Mg2+ by washing with 0.5 M MgCl2; the other was 
saturated with K+ using 1 M KCl. Excess salt was then removed by washing with water. One cubic centimeter of 
water, together with an aliquot of the suspension containing 30 mg of clay fractions, was dropped onto a glass 
slide (28 × 48 mm), air-dried, and then X-rayed. The K-saturated specimens were heated first at 300˚C and then 
at 550˚C. The Mg-saturated specimens were solvated with glycerol to help identify smectite. The treated speci- 
mens were subjected to a Rigaku diffractometer with Ni-filtered CuKα radiation at 40 kV and 20 mA, with a 
scanning speed of 2˚ 2θ mm−1, a scanning step of 0.02˚, and a scanning mode in a range of 3˚ to 30˚ 2θ. 

2.6. Testing Procedures for Soil Sample Properties 
The pore water chemistry was determined using the leachate and the squeezed solutions from the original and 
seawater-saturated soil samples. The leachate was collected every 12 h during leaching. For squeezed solutions, 
a 50 g soil sample before and after leaching was placed in a separatory funnel and pore water was squeezed 
through a mini-pore filter with a pore size of 1.0 µm using vacuum filtration. Electric conductivity (EC), the 
concentrations of Na+, Ca2+, and K+, and pH for both the leachate and squeezed solutions were determined using 
LAQUA Twin meters (Horiba Co. Ltd., Japan). The salinity (mg/L) of the soil sample solutions was calculated 
by multiplying 640 by EC (mS/cm) [14], which was regarded as pore water salinity. The concentrations of Cl− 
and 2

4SO −  were determined using a portable water quality analyzer (pHotoFlexTurb, Merck, Central Kagaku, 
Ltd., Japan). The concentration of Mg2+ was determined by means of an atomic absorption spectrophotometer 
(AAS-Solar 52 Thermo Electronic Cooperation). 

The particle size distribution of the original soil sample was obtained by a hydrometer method. Fifteen grams 
of original air-dried soil sample was mixed with 250 mL deionized water in a 500 mL beaker, and 100 mL 6% 
H2O2 was added to remove organic matter from the soil sample with addition of 1 M NaOH, and soil suspension 
was then subjected to analysis. 

The liquid limit was determined by measuring the water content at the number of 25 blows required to close a 
specific width groove for a specified length in a standard liquid limit device. The plastic limit was determined by 
measuring the water content of the soil samples when threads of the soil sample 3 mm in diameter began to 
crumble. 

The undisturbed shear strength was determined using a consolidated constant-volume box-shear test. Before 
and after leaching, the soil sample measuring 60 mm in diameter and 20 mm in height was placed in a shear box 
and consolidated under a vertical pressure of 24.9 to 27.0 kPa, equivalent to the effective overburden pressure 
on the soil sample in the field. After completion of primary consolidation, the soil samples were subjected to 
shearing. 

The shear strength of the remolded soil samples was determined using the vane shear apparatus, with a vane 
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measuring 16 mm in width and 32 mm in height. First, the soil sample was remolded thoroughly by hand; then, 
it was placed in a container made of vinyl chloride measuring 31 mm in diameter and 50 mm in height. The 
vane was then gently inserted into the remolded soil sample, until the top of the vane reached under the surface 
of the sample. The vane was then rotated at a speed of 6 degrees per minute, until the shear stress reached a con- 
stant value. The remolded strength (peak shear stress) was computed from Equation (2), assuming that the soil 
sample was isotropic in strength [15]. 

max
2 3π π

2 12

ur
MS

D H D
=

+
                                   (2) 

where Sur is the remolded shear strength, Mmax is the maximum value of torque, D is the width of the vane, and 
H is the height of the vane. 

3. Results 
3.1. Properties of Original Soil 
The chemical and physical properties of the original soil sample used for the study were determined (Table 2). 
The salinity of the pore water of the original soil sample was equal to 11% of that of sea water, and divalent ca- 
tions were dominant. 

3.2. Clay Mineral Identification  
An indication of the X-ray diffraction (XRD) patterns for the <2 μm clay fractions of the original soil sample 
(Table 2) was obtained through the application of various treatments (Figure 3). XRD of the original soil sam- 
ple demonstrated that the Mg air-dried specimen produced a 1.52 nm peak, which shifted to a 1.83 nm peak after 
glycerol solvation; this indicates the presence of a considerable amount of smectite. The presence of vermiculite 
was identified by the 1.41 nm peak, which remained after glycerol solvation. The peaks at 1.0, 0.50, and 0.33 nm 
for the Mg air-dried specimen were unchanged by other treatments, indicating the presence of illite. Kaolinite 
 

Table 2. Chemical and physical properties of original soil sample. 

Properties Values 

Soil pH 8.4 

Pore-water chemistry  
Salinity (g/L) 3.9 

Na+ (mg/L) 150 

K+ (mg/L) 39 

Ca2+ (mg/L) 440 

Mg2+ (mg/L) 232 

Particle size  
Clay (<5 μm) 62.0 

Silt (5 - 75 μm) 32.0 

Sand (75 μm - 2 mm) 6.0 

Index properties  
Natural water content (%) 144.0 

Liquid limit (%) 102.9 

Plastic limit (%) 44.6 
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was identified by the 0.71 nm peaks in the Mg and K air-dried specimens and by the disappearance of the peak 
at 550˚C. Finally, the peak at 0.33 nm indicates the presence of quartz. 

3.3. Changes in Soil Samples’ Coefficients of Permeability during Leaching 
The soil samples’ coefficients of permeability, plotted as a function of the pore volume, were changed during 
leaching (Figure 4). The pore volume (PV) is defined as the ratio of the volume of influent leachate divided by 
the pore volume of the soil sample. The permeability exhibited an increase as pore volume increased from 1 to 4, 
but a subsequent decrease when pore volume increased beyond 4 for the original soil sample. Conversely, per- 
meability was found to decrease with increasing pore volume across the whole pore volume range for the sea- 
water-saturated soil sample. The increase in permeability of the original soil sample at an early stage of leaching 
was likely due to the fact that the original soil sample was not fully saturated at the start of the leaching process. 
The decrease in permeability for both the original and seawater-saturated soil samples is considered to be related 
to the expansion of the diffusion double layer, which was in turn due to a reduction in pore water salinity (as the 
volume of the soil samples was constant). 
 

 
Figure 3. X-ray diffraction patterns for clay fractions subjected to different treatments. 

 

 
Figure 4. Changes in the soil samples’ coefficients of permeability during leaching. 
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3.4. Changes in the Chemistry of Leachate during Leaching 
The chemistry of the leachate was changed during leaching (Figure 5). The pH of 7.5 to 8.4 for the original soil 
sample was mostly higher than that for the seawater-saturated soil sample at 7.5 to 8.2 (Figure 5(a)). The EC 
decreased from 2.6 to 0.13 mS/cm (1.66 to 0.08 g/L for salinity) for the original soil sample, and from 54 to 0.2 
mS/cm (34.56 to 0.13 g/L for salinity) for the seawater-saturated soil sample (Figure 5(b)). The concentrations 
of Cl− and 2

4SO −  exhibited a change similar to the EC for both soil samples (Figure 5(c)). The concentrations 
of all types of cations decreased markedly up to 7 PV and became almost constant beyond 7 PV for both soil 
samples. However, Ca2+ was dominant for the original soil sample (Figure 5(d)), whereas Na+ was dominant for 
the seawater-saturated soil sample (Figure 5(e)). This is reflected in Figure 5(f), where the divalent cation per- 
centage is seen to be much higher for the original soil sample (49.7% - 73.8%) than the seawater-saturated soil 
sample (1.1% - 6.4%) throughout the leaching process. 

3.5. Pore-Water Chemistry Determined from Leachate and Squeezed Solution from Both 
Soil Sample  

The pore-water chemistry of the soil samples before and after leaching is presented for both the original and 
seawater-saturated soil samples (Table 3). It was observed that the EC and cation and anion concentrations in 
the squeezed solutions were higher than those in the leachate. It seems that leaching removes only the salt in free 
pore water, whereas the process of squeezing extracts salt in the diffuse double layer as well as in the free pore 
water. The divalent cations occupied 78% of the pore water in the original soil samples, and this percentage re- 
mained almost the same after leaching. However, the pore water in the seawater-saturated soil samples was 
dominated by Na+; the divalent cation percentage was only 6%, and the pore-water cation proportion was pre- 
served after leaching. 

3.6. Undisturbed and Remolded Shear Strengths of the Soil Sample before and after 
Leaching 

The shear strength tests were performed on the undisturbed and remolded soil samples, before and after leaching, 
for both the original and seawater-saturated soil samples (Figure 6). Both undisturbed soil samples were seen to 
exhibit sharp shear stress versus horizontal displacement curves, and the peak shear stress appeared at a dis- 
placement of 0.5 to 0.8 mm. By leaching, the shear strength decreased from 18.43 to 17.32 kPa for the original  
 
Table 3. Pore-water chemistry of the leachate and squeezed solutions from the soil samples. 

 
EC 

(mS/cm) pH 
Pore-water cation (mg/L) Total 

cation 
(mg/L) 

Divalent 
cation ratio 

(%) 

Pore-water anion 
(mg/L) 

Na+ K+ Ca2+ Mg2+ Cl− 2
4SO −  

Original soil sample           
Before leaching           

Squeezed solution 6.20 8.4 150 39 440 232 861 78 125 1000 

After leaching           
Leachate 0.13 7.5 7 3 24 4 38 74 10 8 

Squeezed solution 2.80 8.5 49 22 270 162 503 86 117 350 

Seawater-saturated soil sample           
Before leaching           

Squeezed solution 54.00 8.4 9300 320 390 246 10256 6 18900 4100 

After leaching           
Leachate 0.20 7.5 39 1 1 <1 41 3 38 10 

Squeezed solution 0.34 7.1 110 6 5 <1 121 5 70 56 
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Figure 5. Changes in the chemistry of the leachate during leaching: (a) pH, (b) electric conductivity, (c) anion concentration, 
(d) cation concentration for the original soil sample, (e) cation concentration for the seawater-saturated soil sample, (f) total 
cation concentration and divalent cation percentage. 
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(a)                                                        (b) 

Figure 6. Shear strength test results on the undisturbed and remolded soil samples before and after leaching: (a) undisturbed 
shear strength of soil samples before and after leaching, (b) remolded shear strength of soil sample before and after leaching. 
(w: water content, defined as the ratio of the weight of water to the weight of solid matter). 
 
soil sample and from 16.16 to 14.64 kPa for the seawater-saturated soil sample (Figure 6(a)). In contrast, the 
remolded soil samples showed monotonous shear stress versus rotational angle curves, and leaching decreased 
the remolded shear strength from 0.42 to 0.40 kPa for the original soil sample; leaching decreased the shear 
stress to an even greater extent in the seawater-saturated soil sample, from 0.48 to 0.02 kPa (Figure 6(b)). The 
strength test results for other samples are presented (Table 4). 

3.7. Changes in the Geotechnical Properties of the Soil Samples by Leaching 
The geotechnical properties of the soil samples before and after leaching were tested (Table 4). By leaching, the 
undisturbed shear strength and the su/p ratio were decreased slightly in both soil samples. However, although the 
remolded shear strength was almost unchanged for the original soil sample, it decreased by a large amount for 
the seawater-saturated soil sample; this resulted in the development of quick clay with a sensitivity exceeding 
700. A decrease in the undisturbed shear strength by leaching has also been reported for Norwegian clays [2] 
[16]. The water content was over 100% for both the original and seawater-saturated soil samples. This was like- 
ly due to the well-developed flocculated structure of the soil samples containing high percentage clay fractions 
(Table 2). Water content over 100% is commonly found in Ariake Bay sediments [17]. The liquid and plastic 
limits were determined using a set of soil samples that were mixed thoroughly after performing the remolded 
shear strength tests. The liquid limit of both soil samples decreased by leaching, but the extent of reduction in 
the liquid limit was much greater for the seawater-saturated soil sample than for the original soil sample. These 
factors led to the higher liquidity index for the seawater-saturated soil sample than for the original soil sample. 

4. Discussion 
The original soil sample used in this study contains smectite as a main clay mineral (Figure 3). Smectite as a 
principal clay mineral has been found in Ariake Bay sediments at various locations [18]-[20]. Previous studies 
have reported that the liquid limit and remolded shear strength of Na-montmorillonite (smectite) increase with de- 
creasing pore-water salinity because of the high-swelling characteristics of Na-montmorillonite [21] [22]. There- 
fore, the high-swelling characteristics of smectite preclude the development of marine sediments containing 
high-swellling smectite to quick clay when leaching occurs. However, the seawater-saturated soil sample dominat- 
ed by Na+ in pore water, despite consisting of smectite, exhibited decreases in the liquid limit and remolded shear 
strength through a reduction in pore-water salinity, such that quick clay developed (Table 4). Thus, the response of 
the liquid limit and remolded shear strength to pore-water salinity for the seawater-saturated soil sample was 
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Table 4. Geotechnical properties of soil samples before and after leaching. 

 

Water 
content  
w (%) 

Consistency limit  Liquidity 
index 

Shear strength (kPa) 
Su/p Sensitivity 

(Su/Sur)  wL (%) wp (%) Ip Su Sur 

Original soil sample          
Before leaching  144 102.9 44.6 58.3 1.70 19.05 0.42 

0.71 
45 

 141     18.43 0.42 44 

After leaching  140 98.6 48.6 50.0 1.85 17.32 0.40 
0.65 

43 

 141     16.71 0.41 41 

Seawater-saturated soil sample          
Before leaching  148 98.4 49.5 48.9 1.93 15.67 0.47  33 

 144     16.16 0.51 0.63 32 

 139     17.05 0.48  35 

After leaching  152 68.6 42.9 25.7 4.25 14.64 0.02  771 

 150     14.50 0.02 0.61 853 

 150     15.88 0.01  1588 

w: water content (defined as the ratio of the weight of water to the weight of solid matter); wL: liquid limit; wp: plastic limit; Ip: plasticity index; Su: 
undisturbed shear strength; Sur: remolded shear strength; Su/p: ratio of undisturbed shear strength to effective overburden pressure. 
 
opposite to that for the high-swelling smectite but similar to that for the soil materials of Scandinavia and east- 
ern Canada, which are typically composed of non-swelling minerals like illite, chlorite, quartz, and feldspar [5] 
[6] [16]. A decrease in the liquid limit and remolded shear strength due to reduction in pore-water salinity and 
subsequent development of quick clay has been reported previously for Ariake Bay sediments [7]. This unusual 
behavior, which differs to that of high-swelling smectite, was assumed to be due to the low-swelling characteris- 
tics of smectite in Ariake Bay sediments, and this smectite characteristic has been proved to be true based on se- 
diment volume tests [18]-[20] and swelling pressure tests [23]. 

By leaching, the remolded shear strength of the seawater-saturated soil sample decreased by 97%, whereas 
that of the original soil sample decreased by 4% on average (Table 4). This can be explained in terms of the 
difference in the cation composition of pore water (squeezed solutions) between the two types of soil samples 
(Table 3). Na+ was the major cation for the seawater-saturated soil sample, but divalent cations were dominant 
for the original soil sample after leaching. Interparticle attraction was dominant regardless of the type of cation, 
under high pore-water salinity before leaching, because the diffuse double layer shrinks and high remolded shear 
strength occurs for both soil samples. As pore-water salinity is decreased by leaching, the interparticle repulsion 
increases through an expansion of the diffuse double layer in the seawater-saturated soil sample, resulting in 
marked reductions in the remolded shear strength; in this manner, quick clay is developed. However, in the ori- 
ginal soil sample, interparticle attraction was dominant even after leaching; hence, the remolded shear strength 
and sensitivity were almost the same as before leaching because the dominance of divalent cations suppressed 
the expansion of the diffuse double layer. Therefore, quick clay did not develop. Some studies have reported the 
non-development of quick clay after leaching for Norwegian and Canadian clays. Reference [9] indicated that 
quick clay was not found in leached Canadian clays dominated by divalent cations in pore water. At Drammen 
in Norway and Touraine in Canada, sensitivity reduction in part of the leached clays was attributed to increased 
pore-water concentrations of K, Ca, and Mg [10] [11] [24]. 

By leaching, the liquid limit of the original soil sample decreased slightly, whereas that of the seawater-satu- 
rated soil sample decreased considerably (Table 4). The liquid limit of soil samples is defined as the water con- 
tent at which sufficient free water is present to allow soil particles to slip past each other under a force of 25 
blows (in the Casagrande liquid limit test) [21]. Because of the dominance of interparticle attraction at high 
pore-water salinity before leaching, the soil sample is capable of retaining a great deal of water when the soil 
particles slip past each other, giving both types of soil sample a high liquid limit. A decrease in pore-water salin- 
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ity increases interparticle repulsion for the seawater-saturated soil sample and reduces the liquid limit to a great 
extent, although it has little effect on the interparticle force for the original soil sample, thus decreasing the liq- 
uid limit only slightly. 

5. Conclusion 
By leaching, the undisturbed shear strength decreased slightly for both soil samples. However, a large disparity 
between the soil samples was seen in the remolded shear strength: it remained almost the same for the original 
soil sample, but decreased considerably for the seawater-saturated soil sample, thus developing a quick clay with 
a sensitivity exceeding 700. The lack of development of quick clay in the original soil sample is attributed to the 
dominance of divalent cations in the pore water, and the development of quick clay in the seawater-saturated 
soil sample is ascribed to the dominance of Na+ in the pore water. 
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