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Abstract

:

This paper proposes representative constitutive relationship equations of dredging and reclamation soft soil in Korea. The marine soft soils were sampled at 23 dredged-reclaimed construction sites in the Busan, Gwangyang, and Incheon regions in Korea; then, laboratory tests were carried out. The consolidation property was classified as LL = 60% for Busan and Gwangyang marine soft soil and LL = 30% for Incheon marine soft soil by conducting basic physical property tests and consolidation tests. Busan soft soil showed a slightly higher consolidation settlement property than Gwangyang soft soil. Incheon soft soil showed the lowest consolidation settlement property among the three regions. In particular, 77 consolidation simulations were carried out at a high void ratio using the centrifugal experiment to realize high water content and in-field stress conditions. The constitutive relationship equations of each of the 23 specimens were analyzed with regard to the void ratio–effective stress and void ratio–permeability coefficient through the back analysis of finite consolidation theory from the experimental results. The constitutive relationship equation for Korean soft soil was determined to be a reasonable power function equation. The representative constitutive relationships for soft soils in the three regions were estimated using six equations, which were classified by physical and consolidation properties. The representative constitutive equations were compared to those in previous studies on high void ratio conditions of marine soft soil, and the results showed a similar range.
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1. Introduction


The demand for land is addressed efficiently through the reclamation of foreshores, which include vast lands for industrial use, dwellings, airports, and harbors. Superior soil, suitable for making grounds through the reclamation of the foreshore, has been depleted due to resource exhaustion and environmental preservation, and marine soft soil is used to substitute soil to be reclaimed from nearby sites. Each year, over 30 million m3 of dredged soil is used for the environmental reformation of offshores and estuaries, harbor construction, and maintenance of waterways. Recently, dredged soil has been reclaimed to dumping areas only because the 1996 Protocol to the London Convention has not permitted ocean dumping from January 2009. The dredged marine soft soil is reclaimed to dump areas due to demands for new ground and the treatment of a huge amount of dredged soil.



In Korea, most of the dredged marine soft soil is reclaimed due to its high water content; however, the difference between construction methods as well as the very weak strength and large settlement of the soft soil is a problem. Settlement is the main geotechnical issue related to the stability and estimation of the amount of dredged soil.



The difference between actual settlement and Terzaghi’s one-dimensional consolidation theory is well explained by Gibson et al. [1] and Cargill [2]. Finite strain consolidation theory induces a large strain consolidation phenomenon without numerical inconsistency and, specifically, it applies nonlinear compressibility and permeability. Numerical analysis conducted using the equation that is governed by the finite strain consolidation theory is known to estimate a large consolidation settlement [3,4,5,6,7]. Finite strain consolidation theory is not commonly applied to the design and construction in Korea. The general reasons are the lack of understanding of the theory, and difficulty in estimating input data and analyzing the numerical input or result.



The studies on void ratio-effective stress and void ratio-permeability have mainly focused on the exponential or power equation. Somogyi [8,9] proposed a constitution equation as a power law. Carrier et al. [10] proposed a constitution equation of modified power laws by analyzing the relationship between physical character (Atterberg limits and Activity) and the coefficient of the constitution equation. Gibson et al. [11] proposed an exponential constitution equation to simplify the consolidation governing equation.



Non-linear relationships between void ratio and effective stress, and void ratio and permeability, which directly affect settlement behavior, are observed in the high water content range of dredged soil. The non-linear constitution equation in a high water content range is difficult to estimate by conducting direct experiments. To overcome this problem, consolidation tests and settlement tests are carried out, and the results of these tests are back-analyzed through numerical analysis based on the finite strain consolidation theory. Therefore, in this study, representative relationship equations of void ratio-effective stress and void ratio-permeability of marine soft soil in Korea are proposed using finite strain consolidation theory.




2. Characteristics of Dredged and Reclaimed Soil


2.1. Methods of Analysis


A huge amount of dredged soil has been reclaimed in disposal areas that are mostly developed at new ports. There are three main disposal areas of dredged soil at Busan New Port, five at Incheon port, and three at Pyeongtaek-Dangjin Port, in addition to several others in various locations. The demand for the disposal area is continuously increasing around the areas developed at new ports, and the expansion of the existing disposal area is covered due to the expropriation of dredged soil. In this study, dredged soil was sampled at 23 dredged-reclaimed construction sites and laboratory tests were carried out using 23 samples. The sampling locations and construction sites are shown in Table 1 and Figure 1. The samples were separated into three regions: the Busan, Gwangyang, and Incheon regions.



Dredged soil is disposed of under disturbed conditions using different dredging methods. In particular, the pump-dredged method mostly used in Korea moves dredged soil with water into the disposal area after being totally disturbed. Therefore, in this study, experiments on engineering properties and centrifugal tests used disturbed samples. The sieve analysis, particle size analysis, soil classification system, and Atterberg limit test for 23 samples were performed by ASTM C136, ASTM D422, ASTM D2487, and ASTM D4318, respectively. The oedometer one-dimensional consolidation test and the constant rate of the strain (CRS) consolidation test followed ASTM D2435-11 and ASTM D4186-06. The CRS test is performed as strain rates of 0.04–0.001% per minute depending on the liquid limit of the soil, and the result is analyzed using the consolidation solution provided by Wissa et al. [12].




2.2. Characteristics of Dredged Soil


2.2.1. Busan Region


The characteristics of dredged soil in the Busan region were analyzed using 10 samples, and are shown as plasticity and activity charts in Figure 2a,b, respectively. The specific gravity, plastic limit, liquid limit, plastic index, and activity of the samples were 2.706–2.731 (average 2.718), 20.88–39.31 (avg. 28.97%), 40.10–94.26% (avg. 60.74%), 15.56–54.96% (avg. 31.77%), and 0.8–2.29 (avg. 1.63), respectively. The specimens bs-g, bs-i, bs-j, and bs-k followed the A-line on the plasticity chart, and other specimens showed liquid limits (LL) in the range of 40–55% (LL < 60%). The specimens in the Busan region can be separated into bs-a to bs-f (LL < 60%) and bs-g to bs-k (LL ≥ 60%), according to the liquid limit. It can be observed from Figure 2b that specimens with LL less than 60% represent a contented clay mineral with a PI (plasticity index) range of 10–20%, and the specimens with LL greater than 60% represent activated clay with a PI range of 33–55%. According to the sieve and particle size analysis tests, the sand particle content (less than the No. 200 sieve, 0.074 mm), silt particle content, and clay particle content were 0.62–5.07%, 72.90–82.93%, and 16.05–24.53%.



The specimens showed the compression index (Cc) of 0.316–0.883 and permeability change index (Ck) of 0.209–1.328 during the oedometer [incremental loading (IL)] test, and Cc of 0.530–1.011 and Ck of 0.731–1.799 during the CRS consolidation test where the compression index (Cc) and the permeability change index are defined as      Δ e    log p /  p 0      and      Δ e    log k /  k 0     . The consolidation properties of the Busan region soils as per the liquid limit are shown in Figure 3. Specimens (bs-a, b, d) with LL < 60% showed small compression and high permeability than the specimens with LL ≥ 60%. Therefore, the separation of the Busan region soil using the criteria of liquid limit (LL = 60%) can be considered reasonable because the physical and consolidation properties are different. The clay with LL < 60% was named the Busan-L marine clay and the clay with LL ≥ 60% was named the Busan-H marine clay.




2.2.2. Gwangyang Region


The soil in the Gwangyang region, which was analyzed using nine samples, had the specific gravity, plastic limit, liquid limit, and plastic index of 2.702–2.745 (average 2.718), 14.78–36.37% (avg. 24.13%), 33.77–82.71% (avg. 55.77%), and 18.99–50.50% (avg. 31.63%), respectively, as shown in Figure 4. It had an activity of 0.94–3.79 (avg. 2.60) and was classified into CL and CH as per the unified soil classification system (USCS). The plastic and liquid limits of the Gwangyang region soil were slightly less than those of the Busan region soil. According to the sieve and particle size analysis tests, the sand particle content, silt particle content, and clay particle content were 0.47–10.30%, 67.41–87.14%, and 6.9–22.81%, respectively. The Busan region soil contained slightly finer particles than the Gwangyang region soil as per the result of the plasticity, sieve, and particle size analysis tests. However, clay minerals might be different due to the higher activity of the Gwangyang region soil than the Busan region soil.



The clay showed a Cc of 0.231–0.939 and Ck of 0.478–0.840 during the IL test, and Cc of 0.242–1.273 and Ck of 0.518–1.371 during the CRS test, as shwon in Figure 5. Hence, the Gwangyang region soil showed small ranges of Cc and Ck. This might be the reason why the Busan clay included more fine clay than the Gwangyang clay.



In the Gwangyang region soil, specimens such as gy-a to gy-e with LL > 60% showed high clay particle content, high plastic index, high compression, and low permeability than the specimens with LL < 60%. Therefore, the Gwangyang region dredged soil can be separated reasonably using the criteria of liquid limit (LL = 60%) in the same way as the Busan region dredged soil. The clay with LL < 60% was named the Gwangyang-L marine clay and the clay with LL ≥ 60% was named the Gwangyang-H marine clay.




2.2.3. Incheon Region


The Incheon region soil analyzed from four sites shown in Table 1 had the specific gravity, plastic limit, liquid limit, and plastic index of 2.693–2.713 (avg. 2.703), 12.48–22.74% (avg. 16.48%), 24.86–38.34% (avg. 30.62%), and 11.84–16.78% (avg. 14.15%), respectively. The sand particle content, silt particle content, and clay particle content for the Incheon region soil were 4.59–8.78%, 79.38–84.41%, and 10.79–14.42%. The activity with a range of 1.04–1.22 and average of 1.13 lies in the normal area, as shown in Figure 6. The consolidation properties were analyzed with Cc = 0.167–0.406 and Ck = 0.246–0.628 during the oedometer test, and Cc = 0.204–0.493 and Ck = 0.380–0.791 during the CRS test, as shown in Figure 7.



The Incheon region soil had lower liquid and plastic limits than the Busan and Gwangyang region soils. The liquid limit was 30.12% less than that of Busan clay and 25.15% less than that of the Gwangyang clay. The plastic index was less than 17.5 compared to the Busan and Gwangyang clays. The results of the oedometer test show that Incheon clay exhibited a Cc = 0.31 and Ck = 0.246–0.628, which were less than those of the Busan and Gwangyang clays. That is, the Incheon region soil clearly showed low plasticity, small compressibility, and large permeability than the Busan and Gwangyang clays.



Furthermore, the Incheon region soil had different physical and compressive properties that were separated by the criteria of LL = 30% compared to the Busan and Gwangyang clays (LL = 60%). The ic-c and ic-d specimens with LL ≥ 30% had large fine particles, large compressibility, and small permeability compared to the ic-a and ic-b specimens with LL < 30%. Therefore, the Incheon region dredged soil can be separated reasonably using the criteria of liquid limit (LL = 30%). The clay with LL < 30% was named the Incheon-L marine clay and the clay with LL ≥ 30% was named the Incheon-H marine clay. Engineering properties of the marine soft soil were classified by liquid limits and are summarized in Figure 8.






3. Relationships between Void Ratio–Effective Stress and Permeability


3.1. Estimation of Non-Linear Constitution Equation


The dredged-reclaimed clay with a high void ratio should be estimated using finite strain consolidation theory due to huge deformations. The finite strain consolidation is suitable to analyze large deformations, considering the variation in the compressibility and permeability of clay as per effective stress. The variation in compressibility and permeability depend on the relationship void ratio (e)–effective stress (σ’)–permeability coefficient (k) during analysis, and this relationship is called the constitutive relationship of finite strain consolidation theory [13,14]. The constitutive relationship between void ratio–effective stress and void ratio–permeability is examined in this section to choose a suitable constitutive relationship equation in Korea.



The constitutive relation equations were mostly the proposed exponential function and power function. Somogyi [8,9] proposed Equations (1) and (2) of the power function using the empirical data of void ratio–effective stress and void ratio–permeability:


  e =   A σ   ′ B    



(1)






  k = C  e D   



(2)




where A, B, C, and D are the decided coefficients including the material properties observed during the test or empirical study. These equations were used in this study due to the following three considerations. First, there should be an equation that was proposed from research on Korean clay. Second, there should be an equation that represents a reasonable relationship between the void ratio–effective stress and void ratio–permeability coefficient in the high void ratio range. Finally, there should be a simple equation to propose a design chart.




3.2. Back Analysis of Constitutive Relationship Equation through Centrifugal Experiment


The centrifugal test is applied to carry out a one day long self-weight consolidation of dredged/reclaimed clay in foreign and domestic scenarios because it can surmount the limitations of consolidation time and initial height through a back-analysis study using the time-settlement results of the test. The back analysis using the centrifugal experiment is explained as a flowchart in Figure 9. The equipment used for the centrifuge test in this study was from the Kangwon National University in Korea. The centrifugal experiment was carried out 2–4 times under different initial void ratio and height conditions for each specimen, and then a constitutive relationship equation was estimated through the back analysis from the experimental results. The experimental conditions such as test number, gravity acceleration, initial void ratio, and constitutive relationship equations analyzed by the back analysis for each region specimen are shown in Table 2. Numerical analysis for the self-weight consolidation test in the flowchart was performed by the microcomputer program ‘Primary Consolidation, Secondary Compression, and Desiccation of Dredged Fill’ (PSDDF) by Stark et al. [3,4].





4. Proposed Constitutive Relationship Equation for Each Region


4.1. Representative Constitutive Relationship Equation for Each Region


The constitutive relationship equations for a total of 23 dredged clay specimens from three regions and six groups were obtained through back analysis and the results of the centrifugal experiments. The equation of the power function is shown on a log–log scale and is the deduced representative equation for each of the six groups. The units of the constitutive equation are kPa of effective stress and m/day of permeability coefficient.



The Busan-L marine clay (Busan marine clays with low liquid limit) with a liquid limit in the 40–60% range in the Busan region dredged clay was analyzed using six specimens (bs-a, b, c, d, e, f). A constitutive relationship equation for the six specimens is shown in Figure 10 of the log–log scale. The representative constitutive relationship equation (bs-L-clay) of Busan-L marine clay can be expressed as   e = 3.1   σ   ′ − 0.19     and   k = 9 ×   10   − 6    e  5.5     (A = 3.1, B = −0.19, C = 9 × 10−6, D = 5.5) using the arithmetic mean on the log–log plot, as shown in Figure 10. The representative constitutive relationship equations of Busan-L marine clay had the coefficient of determination of 0.87 on void ratio–effective stress and 0.84 on void ratio–permeability. The Busan-H marine clay had a high liquid limit (LL = 60–80%) and was analyzed using four specimens (bs-g~k), as shown in Figure 11. The representative constitutive relationship equations of Busan-H clay (bs-H-clay) can be expressed as   e = 4.3   σ   ′ − 0.20     and   k = 6 ×   10   − 6    e  4.5    , and had the coefficient of determination of 0.97 on void ratio–effective stress and 0.88 on void ratio–permeability.



The Gwangyang-L marine clay with LL = 40–60% and the representative constitutive equation (gy-L-clay) of   e = 2.9   σ   ′ − 0.18     and   k = 9 ×   10   − 6    e  6.0     was analyzed using five specimens (gy-a~e), as shown in Figure 12. The equations of gy-L-clay had the coefficient of determination of 0.95 on void ratio–effective stress and 0.86 on void ratio–permeability. The Gwangyang-H marine clay with a high liquid limit of 60–80% and the representative constitutive equation (gy-H-clay) of   e = 3.9   σ   ′ − 0.20     and   k = 8 ×   10   − 6    e  4.5     was analyzed using four specimens (gy-f~j), as shown in Figure 13. The equations of gy-H-clay had the coefficient of determination of 0.88 on the e-   σ ′    relationship and 0.77 on the e-k relationship.



The Incheon-L marine clay with LL = 20–30% and the representative constitutive equation (ic-L-clay) of   e = 1.7   σ   ′ − 0.15     and   k = 1 ×   10   − 4    e  5.5     was analyzed using ic-b and ic-c specimens, as shown in Figure 14. The equations of ic-L-clay had the coefficient of determination of 0.98 on the e-   σ ′    relationship and 0.92 on the e-k relationship. The representative constitutive equation (ic-H-clay) of the Incheon-H marine clay was   e = 2.2   σ   ′ − 0.17     and   k = 5 ×   10   − 5    e  5.5    , which was deduced from the ic-c and ic-d specimens, as shown in Figure 15. The equations of ic-H-clay had the coefficient of determination of 0.85 on the e-   σ ′    relationship and 0.94 on the e-k relationship.



The representative constitutive relationship equations for each region are summarized in Table 3.




4.2. Comparison with Precedent Studies


The representative constitutive relationship equations were compared to previous studies that had similar basic physical properties such as a classification of soil and Atterberg limits. The constitutive equations proposed in this paper and those presented by Carrier et al. [10] were plotted, as shown in Figure 16. The relationships of void ratio–effective stress were plotted in the low effective stress range at the same void ratio. The equations were similar to Horton, Naumee River, Todedo and Craney Island clays, which had similar physical properties. The permeability of Korean clay had a comparatively high range at the same void ratio. The constitutive relationship equations were similarly analyzed for aluminum red mud (LL = 41–46%, PI = 7–9), FGD (Flue-Gas Desulfurization) sludge (LL = 65%, PI = 17), and Craney Island clay.



Yamagami et al. [15] proposed the power function relationship equations of void ratio–effective stress and void ratio–permeability coefficient for each stage of settling and consolidation during the estimation of settling and consolidation characteristics from back analysis. The equations proposed here were plotted and compared with the constitutive equations for mud A (PI = 40.1) and mud B (PI = 22.5) presented by Yamagami et al., as shown in Figure 17. The equation for mud A was similar to that of the e-σ’-k of bs-L-clay and gy-L-clay; mud B showed low compressibility and high permeability at high void ratio ranges. The representative constitutive equations in this study were compared to the existing research data that had similar physical properties as a Korean marine soft soil, and the results showed a similar range.





5. Conclusions


In this study, the marine soft soil that was sampled at dredging and reclamation sites in Korea was analyzed, and the representative constitutive relationship equations were proposed as follows:



The consolidation property was classified according to LL = 60% for Busan and Gwangyang marine clay and according to LL = 30% for Incheon marine clay by conducting basic physical property tests and consolidation tests for 23 marine soft soils in the Busan, Gwangyang, and Incheon regions. Busan clay showed a slightly higher consolidation settlement property than Gwangyang clay. Incheon clay showed the lowest consolidation settlement property among the three regions. The void ratio–effective stress and void ratio–permeability coefficient were estimated using the back analysis and centrifugal experiment with high void ratios, and the constitutive relationships were shown to be similar in terms of region and properties. This is a reasonable analysis procedure to carry out the consolidation experimental high void ratios using the centrifugal experiment, and then to estimate the constitutive relationship equation by back analysis from the result of the centrifugal experiment. Furthermore, the constitutive relationship equation for Korean clay was analyzed to be a reasonable power function equation. The representative constitutive relationship equations of each region were analyzed by estimating each constitutive equation for each specimen using the back analysis and centrifugal experiment, and then the specimens were classified on the basis of LL criteria, reflecting the engineering properties. For future study, a design chart for estimating the consolidation phenomenon of marine soft soil will be proposed using the constitutive relationship equations.
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Figure 1. Sampling locations: (a) the regions in Korea; (b) the Busan region; (c) the Gwangyang region; (d) the Incheon region. 
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Figure 2. Physical properties of Busan region soil: (a) Plasticity chart; (b) Activity chart. 
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Figure 3. Consolidation properties of Busan region soil: (a) liquid limit (LL)-compression index (Cc); (b) liquid limit (LL)-permeability change index (Ck). 
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Figure 4. Physical properties of Gwangyang region soil: (a) Plasticity chart; (b) Activity chart. 
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Figure 5. Consolidation properties of Gwangyang region soil: (a) liquid limit (LL)-compression index (Cc); (b) liquid limit (LL)-permeability change index (Ck). 
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Figure 6. Physical properties of the Incheon region soil: (a) Plasticity chart; (b) Activity chart. 
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Figure 7. Consolidation properties of Incheon region soil: (a) liquid limit (LL)-compression index (Cc); (b) liquid limit (LL)-permeability change index (Ck). 
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Figure 8. Engineering properties for the classified marine soft soil by liquid limits. 
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Figure 9. Flowchart of back analysis of constitutive relationship using the centrifugal experiment. 
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Figure 10. Constitutive relationship of Busan L marine clay (bs-L-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 11. Constitutive relationship of Busan H marine clay (bs-H-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 12. Constitutive relationship of Gwangyang L marine clay (gy-L-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 13. Constitutive relationship of Gwangyang H marine clay (gy-H-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 14. Constitutive relationship of Incheon L marine clay (ic-L-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 15. Constitutive relationship of Incheon H marine clay (ic-H-clay): (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 16. Comparison of our study and the study by Carrier et al. [10]: (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 
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Figure 17. Comparison of our study and the study by Yamagami et al. [15]: (a) void ratio vs. effective stress; (b) void ratio vs. permeability. 






Figure 17. Comparison of our study and the study by Yamagami et al. [15]: (a) void ratio vs. effective stress; (b) void ratio vs. permeability.



[image: Jmse 08 00429 g017]







[image: Table] 





Table 1. Sampling locations.






Table 1. Sampling locations.





	
Region

	
Mark

	
Locations in Korea

	
Region

	
Mark

	
Locations in Korea






	
Busan

(10 sites)

	
bs-a

	
Angol-dong, Changwon

	
Gwang

-yang

(9 sites)

	
gy-c

	
Hwanggil-dong, Gwangyang




	
bs-b

	
Cheonseong-dong, Busan

	
gy-d

	
Doi-dong, Gwangyang




	
bs-c

	
Gamcheon-dong, Busan

	
gy-e

	
Hwanggeum-dong




	
bs-d

	
Ung-dong, Changwon

	
gy-f

	
Doi-dong, Gwangyang




	
bs-e

	
Ung-dong, Changwon

	
gy-g

	
Hwachi-dong, Yeosu




	
bs-f

	
Seongbuk-dong, Busan

	
gy-i

	
Doi-dong, Gwangyang




	
bs-g

	
Haeun-dong, Changwon

	
gy-j

	
Jeongryang-dong, Yeosu




	
bs-i

	
Ung-dong, Changwon

	
Incheon

(4 sites)

	
ic-a

	
Songdo-dong, Incheon




	
bs-j

	
Youngdang-dong, Busan

	
ic-b

	
Oryu-dong, Incheon




	
bs-k

	
Gapo-dong, Changwon

	
ic-c

	
Unbuk-dong, Incheon




	
Gwang-

yang

	
gy-a

	
Jung-dong, Gwangyang

	
ic-d

	
Songdo-dong, Incheon




	
gy-b

	
Hwanggeum-dong

	
Total

	
23 dredged-reclaimed sites
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Table 2. Centrifugal experimental conditions and results.






Table 2. Centrifugal experimental conditions and results.





	
Symbol

	
Mark

	
Accel. of Gravity,

n (g)

	
Initial Void Ratio

e0

	
Initial Height of Column

H0 (mm)

	
Atterberg Limits

	
Constitutive Relationship




	
LL (%)

	
PI

	
     e  =   σ ′     ( kPa )    

	
e-k (m/day)






	
Busan

-L-clay

(bs-L-clay)

	
bs-a

	
20~30

	
4.08~6.80

	
75~200

	
47.2

	
20.5

	
   e = 3.44    σ  ′ − 0.241     

	
   k = 1.42 ×   10   − 5      e  5.22     




	
bs-b

	
30

	
4.07~6.78

	
100~200

	
40.1

	
16.6

	
   e = 2.85    σ  ′ − 0.121     

	
   k = 1.17 ×   10   − 6      e  8.22     




	
bs-c

	
40

	
5.42~6.78

	
100

	
55.1

	
27.3

	
   e = 3.49    σ  ′ − 0.207     

	
   k = 1.74 ×   10   − 5      e  4.06     




	
bs-d

	
50~60

	
4.07~5.43

	
100~150

	
53.8

	
31.0

	
   e = 2.32    σ  ′ − 0.171     

	
   k = 1.13 ×   10   − 5      e  5.17     




	
bs-e

	
50~60

	
4.34~5.42

	
150~200

	
54.4

	
29.5

	
   e = 2.84    σ  ′ − 0.175     

	
   k = 6.39 ×   10   − 6      e  6.33     




	
bs-f

	
30~40

	
4.06~5.41

	
100

	
53.2

	
24.8

	
   e = 2.84    σ  ′ − 0.187     

	
   k = 9.91 ×   10   − 6      e  5.34     




	
Busan

-H-clay

(bs-H-clay)

	
bs-g

	
30~40

	
5.42~6.78

	
100

	
65.6

	
33.9

	
   e = 4.20    σ  ′ − 0.174     

	
   k = 9.30 ×   10   − 6      e  4.01     




	
bs-i

	
50~60

	
4.08~5.44

	
120~220

	
69.6

	
37.9

	
   e = 4.33    σ  ′ − 0.222     

	
   k = 3.58 ×   10   − 6      e  5.38     




	
bs-j

	
30~40

	
4.10~5.46

	
100~200

	
74.0

	
39.4

	
   e = 4.16    σ  ′ − 0.254     

	
   k = 1.03 ×   10   − 6      e  6.03     




	
bs-k

	
30~50

	
5.44~10.88

	
100~200

	
94.3

	
55.0

	
   e = 4.58    σ  ′ − 0.180     

	
   k = 1.68 ×   10   − 5      e  3.56     




	
Gwangyang

-L-clay

(gy-L-clay)

	
gy-a

	
30~40

	
4.08~5.43

	
100

	
45.9

	
24.0

	
   e = 2.97    σ  ′ − 0.197     

	
   k = 2.67 ×   10   − 6      e  5.52     




	
gy-b

	
30~40

	
4.12~5.49

	
100

	
44.9

	
28.0

	
   e = 2.66    σ  ′ − 0.176     

	
   k = 8.88 ×   10   − 6      e  6.17     




	
gy-c

	
30~40

	
4.07~5.42

	
100

	
44.1

	
21.0

	
   e = 2.81    σ  ′ − 0.175     

	
   k = 5.32 ×   10   − 6      e  5.26     




	
gy-d

	
30~40

	
4.11~5.48

	
100

	
44.0

	
25.5

	
   e = 3.03    σ  ′ − 0.244     

	
   k = 9.72 ×   10   − 6      e  6.10     




	
gy-e

	
40~50

	
4.05~8.11

	
180~225

	
33.8

	
19.0

	
   e = 3.16    σ  ′ − 0.174     

	
   k = 4.25 ×   10   − 6      e  7.50     




	
Gwangyang

-H-clay

(gy-H-clay)

	
gy-f

	
30~50

	
4.08~6.80

	
100~200

	
79.3

	
50.5

	
   e = 3.96    σ  ′ − 0.294     

	
   k = 1.69 ×   10   − 5      e  4.25     




	
gy-g

	
30~40

	
4.17~6.95

	
100~200

	
62.6

	
35.1

	
   e = 4.62    σ  ′ − 0.277     

	
   k = 1.15 ×   10   − 5      e  3.75     




	
gy-i

	
30~40

	
4.07~5.42

	
100~200

	
82.7

	
46.3

	
   e = 3.77    σ  ′ − 0.179     

	
   k = 8.09 ×   10   − 6      e  5.91     




	
gy-j

	
40

	
3.32~5.45

	
100~125

	
64.5

	
35.3

	
   e = 3.71    σ  ′ − 0.177     

	
   k = 1.26 ×   10   − 5      e  3.78     




	
Incheon

-L-clay

(ic-L-clay)

	
ic-a

	
60

	
2.71~4.06

	
200

	
25.5

	
11.8

	
   e = 1.76    σ  ′ − 0.150     

	
   k = 1.09 ×   10   − 4      e  5.94     




	
ic-b

	
50

	
2.69~4.04

	
100~200

	
24.8

	
12.4

	
   e = 1.50    σ  ′ − 0.161     

	
   k = 3.12 ×   10   − 4      e  4.46     




	
Incheon

-H-clay

(ic-H-clay)

	
ic-c

	
30~40

	
2.71~4.34

	
100~200

	
33.8

	
16.8

	
   e = 2.15    σ  ′ − 0.139     

	
   k = 6.69 ×   10   − 5      e  4.90     




	
ic-d

	
30~40

	
4.05~5.40

	
100

	
38.3

	
15.6

	
   e = 2.97    σ  ′ − 0.197     

	
   k = 2.67 ×   10   − 5      e  5.52     
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Table 3. Representative constitutive relationship equation.






Table 3. Representative constitutive relationship equation.





	
Region

	
Symbol

	
Representative Constitutive Relationship

	
Applicable Range of Liquid Limits




	
Void Ratio-

Effective Stress (kPa)

	
Void Ratio-Permeability (m/day)






	
Busan

	
bs-L-clay

	
   e = 3.1    σ  ′ − 0.19     

	
   k = 9 ×   10   − 6      e  5.5     

	
40~60%




	
bs-H-clay

	
   e = 4.3    σ  ′ − 0.20     

	
   k = 6 ×   10   − 6      e  4.5     

	
60~80%




	
Gwangyang

	
gy-L-clay

	
   e = 2.9    σ  ′ − 0.18     

	
   k = 9 ×   10   − 6      e  6.0     

	
40~60%




	
gy-H-clay

	
   e = 3.9    σ  ′ − 0.20     

	
   k = 8 ×   10   − 6      e  4.5     

	
60~80%




	
Incheon

	
ic-L-clay

	
   e = 1.7    σ  ′ − 0.15     

	
   k = 1 ×   10   − 4      e  5.5     

	
20~30%




	
ic-H-clay

	
   e = 2.2    σ  ′ − 0.17     

	
   k = 5 ×   10   − 5      e  5.5     

	
30~40%
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