
  

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

by 

Le Minh Thang 

 

Submitted to 

 

 

 

 

 

The Graduate School of Dong-A University in Partial Fulfillment of the 

Requirements for the Degree of Master of Science 

in 

Civil Engineering 

 

 

 

 

December 2013



  

 

 

 

 

 

 

 

 

 



i 

 

     
 

Consolidation Behavior of Busan Clay with Various Testing Methods 

 

   Le Minh Thang 

           

 

    ·      

.       1    

: , 1.0    24     A(IL24)  

   1       B(ILEOP)  

(ASTM D2435).    (s¢p)  , 

(IL24)     .     

  : , (CRS), (CL), 

(CG) .   CRS    (ASTM 

D4186)   .  CRS    

s¢p     .     

Ozer (2012)        . 

    ,       

   . 



ii 

 

s¢

s¢



iii 

 

 

 

 



iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

Contents 

1. INTRODUCTION 

1.1 Background .......................................................................................................... 1 

1.2 Necessity and Purpose .......................................................................................... 2 

1.3 Scope and Outline  ............................................................................................... 3 

2. LITERATURE REVIEW 

2.1 Consolidation Testing Methods and Theories ...................................................... 5 

2.1.1 Behavior of consolidation ............................................................................... 5 

2.1.2 Increment loading consolidation theory (Method A) ...................................... 8 

2.1.3 End of primary consolidation theory (Method B) ......................................... 10 

2.1.4 Constant rate of strain (CRS) consolidation theory ...................................... 11 

2.1.5 Compressibility of clays in one-dimensional condition ................................ 13 

2.2 Methods for Determining Consolidation Parameters ......................................... 16 

2.2.1 Coefficient of consolidation (cv) ................................................................... 16 

2.2.1.1 Introduction ............................................................................................. 16 

2.2.1.2 Taylor (1948)’s method (square-root-time method) ................................ 17 

2.2.1.3 Casagrande’s (1940) method (log-time method) ..................................... 18 

2.2.1.4 The simplified t1/2
 method (Feng, 2001) .................................................. 20 

2.2.1.5 Log t method at U=22.14%  (Robinson, 1996) ........................................ 21 

2.2.1.6 Inflection point method at U=70% in log-t plot (Mesri, 1999) ................ 22 

2.2.1.7 Diagnostic curve method for cv (Singh, 2007)......................................... 23 

2.2.1.8 Velocity against displacement method (Mckinley & Sivakumar, 2009) . 25 

2.2.1.9 cv from CRS test ....................................................................................... 27 

2.2.1.10  Summary ................................................................................................. 28 

2.2.2 Preconsolidation pressure σ’p (void ratio-effective stress relationship) ........ 31 

2.2.2.1 Introduction ............................................................................................. 31 

2.2.2.2 Casagrande’s (1936) method ................................................................... 32 

2.2.2.3 Schmertmann’s (1995) method ................................................................ 32 

2.2.2.4 Silva’s (1970) method.............................................................................. 34 

2.2.2.5 Butterfied’s (1979) method ...................................................................... 34 



vi 

 

2.2.2.6 Jose et al.’s (1989) method ...................................................................... 36 

2.2.2.7 Burland’s (1990) method ......................................................................... 37 

2.2.2.8 Summary .................................................................................................. 38 

2.2.3 Procedures for assessment of soil disturbance .............................................. 40 

2.2.3.1 Andersen and Kolstad’s (1979) procedure .............................................. 40 

2.2.3.2 Lunne’s (1997) procedure ........................................................................ 41 

2.2.4 Proper strain rate for CRS test ...................................................................... 42 

2.2.4.1 Method of Liquid-limit ............................................................................ 42 

2.2.4.2 A. Tolga Ozer et al.’s (2012) method ...................................................... 42 

3. TEST PROGRAM 

3.1 Site Description .................................................................................................. 45 

3.2 Sampling and Sample Preparation ...................................................................... 48 

3.2.1 Sampling ....................................................................................................... 48 

3.2.2 Sample preparation ....................................................................................... 49 

3.3 Test Plan ............................................................................................................. 51 

3.3.1 Consolidation tests for evaluating factors of effects ..................................... 51 

3.3.1.1 Factors affecting on consolidation behavior of clay ................................ 51 

3.3.1.2 The factor of saturation ............................................................................ 51 

3.3.1.3 The factor of drainage paths .................................................................... 52 

3.3.1.4 The factor of testing equipment ............................................................... 53 

3.3.1.5 The factor of testing method .................................................................... 54 

3.3.2 The newly suggested method ILM24 and ILMEOP ......................................... 55 

3.4 Test Methods and Equipment ............................................................................. 56 

3.4.1 Test methods ................................................................................................. 56 

3.4.1.1 Introduction ............................................................................................. 56 

3.4.1.2 Test methods with test procedure ............................................................ 57 

3.4.2 Test equipment .............................................................................................. 69 

3.4.2.1 Test equipment with test procedure ......................................................... 69 

3.4.2.2 Calibration ............................................................................................... 73 

 



vii 

 

4. TEST RESULTS AND INTERPRETATION 

4.1 Introduction ........................................................................................................ 79 

4.2 Factors of Effects ................................................................................................ 80 

4.2.1 Effect of saturation ........................................................................................ 80 

4.2.2 Effect of drainage paths ................................................................................ 85 

4.2.3 Effect of testing equipment ........................................................................... 91 

4.2.4 Effect of testing methods .............................................................................. 98 

4.2.5 Summary ..................................................................................................... 103 

4.3 Newly Suggested Methods ............................................................................... 104 

4.3.1 Introduction ................................................................................................. 104 

4.3.2 24-hour Incremental Loading test with multiple-stage loading in the predicted 

range of σ’p (ILM24) .................................................................................... 106 

4.3.3 Incremental Loading test for EOP with multiple-stage loading in the predicted 

range of σ’p (ILMEOP) .................................................................................. 111 

4.3.4 Evaluation of ILMEOP tests with depth ........................................................ 116 

4.4 Effect of Depositional Environment on Soil Behavior ..................................... 127 

5. DISCUSSION 

5.1 The Most Suitable Method of Consolidation Test for Busan Clay................... 133 

5.2 The Proper Strain Rate for CRS Test of Busan Clay........................................ 135 

6. SUMMARY AND CONCLUSIONS 

6.1 Introduction ...................................................................................................... 149 

6.2 Effects of Possible Influence Factors  .............................................................. 149 

6.3 Development of Enhanced Testing Method ..................................................... 150 

6.4 Applicability and Re-evaluation of Consolidation Properties on Busan Clay .. 151 

6.5 Recommendations ............................................................................................ 153 

Reference .......................................................................................................... 155 

Abstract ............................................................................................................. 161 

Acknowledgement .......................................................................................... 165 



viii 

 

  



ix 

 

List of Tables 

Table 2.1 Assessment of soil disturbance using Andersen and Kolstad 
(1979)’s procedure 

41 

Table 2.2 Assessment of soil disturbance using Lunne (1997)’s procedure 42 

Table 2.3 Suggested rates of strain for CRS consolidation tests (Based on 

ASTM D 4186-82) 

39 

Table 3.1 Tests for evaluating the saturation effect 52 

Table 3.2 Tests  for evaluating the drainage effect 53 

Table 3.3 Tests  for evaluating the cell effect 54 

Table 3.4 Test plan for evaluating method effect. 55 

Table 3.5 The tests for evaluating the ILM tests (LIR effect). 55 

Table 3.6 The tests for evaluating the effect of depositional environment on 

the new test ILMEOP tests. 
56 

Table 3.7 The change of LIR with depths 67 

Table 4.1 The change of LIR with depths 105 

Table 4.2 Summary of σ’vo, σ’p, cvo, cvp from the DIS-2, ONS-2 samples using 

conventional and new test methods, IL24, ILM24 and CRS tests 
107 

Table 4.3 Summary of σ’vo, σ’p, cvo, cvp from the DIS-2, ONS-2 samples using 

conventional and new test methods ILMEOP, ILEOP and CRS tests. 
112 

Table 4.4 Summary of the soil properties of the sample DIS-2, ONS-2 with 

different testing methods at 8 depths. 
118 

Table 5.1 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-4.83-4.93 m, σ’p=65.305 (kPa). 
137 



x 

 

Table 5.2 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-7.73-7.83 m, σ’p=86.676 (kPa). 
138 

Table 5.3  Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-12.43-12.53 m, σ’p=105.119 

(kPa). 

139 

 

Table 5.4 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-15.43-15.53 m, σ’p=135.446 

(kPa). 

141 

Table 5.5 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-18.43-18.53 m, 

σ’p=137.263(kPa). 

141 

Table 5.6 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-19.93-20.03 m, 

σ’p=159.099(kPa). 

142 

Table 5.7 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-25.93-26.03 m, 

σ’p=210.451(kPa). 

143 

Table 5.8 Table for determining the proper strain rate of CRS test from 

ILMEOP test for the sample D2-O2-30.43-30.53 m, 

σ’p=210.451(kPa). 

144 

  



xi 

 

List of Figures 

Fig 2.1 Relationship between time factor and average degree of consolidation 
for a uniform distribution and a triangular distribution of initial excess 

pore-water pressure. 

6 

Fig 2.2   Influence of Strain Profile on Rate of Consolidation (after Terzaghi 

and Frolich (1936) and Janbu (1965)). 

7 

Fig 2.3 (a) U-T plot for clay with singly drained conditions subjected to 

Taylor’s (1962) ui distributions (inset); (b) Average degree of 

consolidation curves for series solution results compared with 

Terzaghi and Frohlich (1936) tabulated values. 

7 

Fig 2.4 Back-calculated oedometer T1/2-U curves for clay in many sites. 8 

Fig 2.5 Initial, primary and secondary compression. 9 

Fig 2.6 Multiple-stage-loading tests (3.45-3.90 m depth). 11 

Fig 2.7 One-dimensional compression of Berthierville clay with 

preconsolidation pressure as function of strain rate and temperature. 

15 

Fig 2.8 Typical comparison between oedometer test curves obtained in CRS 

and conventional oedometer tests (Batiscan clay, Leroueil et al, 1983 

b). 

16 

Fig 2.9 Root time method to determine cv. 17 

Fig 2.10 Log time method to determine cv. 19 

Fig 2.11 Tezaghi’s theoretical T1/2-U oedometer consolidation curve. 21 

Fig 2.12 (a) Theoretical U-log T plot, (b) a typical compression-lot-t plot 
showing construction for locating t22.14. 

22 

Fig 2.13 First diagnostic curve without a peak (a) and second diagnostic curve 

with a peak (b). 

23 



xii 

 

Fig 2.14 Taylor, Casagrande, velocity and inverse velocity plots for sample 

BUBC 2212: (a) Taylor plot; (b) Casagrande plot; (c) velocity plot; 

(d) inverse velocity plot. 

26 

Fig 2.15 Settlement versus Square root time plots for specimen of Scottish 

Till. 

31 

Fig 2.16 Casgrande (1936)’s method. 32 

Fig 2.17 Schmertmann (1955)’s method. 33 

Fig 2.18 Silva (1970)’s method 34 

Fig 2.19 Butterfield (1979)’s method 36 

Fig 2.20 Jose et al. (1989)’s method 37 

Fig 2.21 Burland (1990)’s method. 38 

Fig 2.22 Example of highly over consolidated soil showing two possible 

interpretation using the method of Pacheco Silva (1970). 

39 

Fig 2.23 Interpretation of σ’p using (a) Pacheco Silva (1970) and (b) 

Casagrande (1936) method, and (c) Illustration of the effects of scale 

when using these method (after Clementino 2005). 

40 

Fig 2.24 Assumed relationship between effective vertical stress and elapsed 

time in a CRS consolidation test. 

43 

Fig. 3.1 Testing location map in the marginal Basin (after Ryu et al. 2005) 45 

Fig. 3.2 Borehole location map from DIS-1 to DIS-5. 45 

Fig. 3.3 Geotechnical Characteristics and depositional environment at 

surveyed sites: (a) at DIS-5; (b) at DIS-2 site. 

46 

Fig. 3.4 Stratigraphy and depositional units with sediment accumulation curve 

(after Ryu et al., 2005) 

47 



xiii 

 

Fig. 3.5 Sampling in operation using the oil-operated fixed piston sampler: (a) 

Lowering of casing and successive coring; (b) Locking; (c) 

Advancement of tube; (d) Withdrawing 

48 

Fig. 3.6 Preparation of sample from transportation 50 

Fig. 3.7 Four sample rings of testing set for cell effect, from left to right: 1-

way oedometer ring, Rowe-cell ring, SNU-type ring, GDS-type ring. 

54 

Fig. 3.8 De-airing the drainage system: (a) for SNU-type cell; (b) for Rowe 

hydraulic cell. (c) for GDS-type cell. 

58 

Fig. 3.9 The procedure for suction test 59 

Fig. 3.10 Trimming the sample into the 4 sample rings with plastic base 60 

Fig. 3.11 Four sample rings frequently used for IL24 test, from left to right: 1-

way oedometer ring, 2-way odometer ring, SNU-type ring, and GDS-

type ring. 

60 

Fig. 3.12 Trimming the sample into the 4 different-size sample rings 61 

Fig. 3.13 Preparation of GDS-type specimen of 20 mm height 62 

Fig. 3.14 Testing cells: (a) one-way conventional oedometer cell; (b) Rowe 
hydraulic cell; (c) SNU-type cell; (d) GDS-type cell. 

63 

Fig. 3.15 The connections in CRS test with SNU-type and GDS-type cell 65 

Fig. 3.16 The method procedure of determining the point of t100 66 

Fig. 3.17 The systems of CRS test performed on GDS-type cell 68 

Fig. 3.18 Removal of specimens 69 

Fig. 3.19 Test procedure of IL test with conventional oedometer cell 70 

Fig. 3.20 Rowe cell cross section of parts. 71 



xiv 

 

Fig. 3.21 Sample setup in the Rowe hydraulic cell 73 

Fig. 3.22 CRS test procedure with GDS cell 72 

Fig. 3.23 Modified conventional oedometer presses beside the standard ones 73 

Fig. 3.24 Calibration for system compressibility of oedometer and loading 

frame with SNU-type and GDS-type cell 

75 

Fig. 3.25 Calibration for uplifting the loading ram caused by back pressure in 

CRS system with GDS cell. 

76 

Fig. 3.26 Definition of balance weight for IL test with GDS cell: 78 

Fig. 4.1 Plots for saturation effect with MNS sample at 12 meter in depth. 82 

Fig. 4.2 Plots for saturation effect with MNS sample at 17 meter in depth. 83 

Fig. 4.3 Plots for saturation effect with ONS sample at 13 meter in depth. 84 

Fig. 4.4 The plots of the IL24 test in 1-way, 2-way drainage and CRS test. 87 

Fig. 4.5 The plots of the ILEOP in 1-way, 2-way drainage and CRS test with 

sample MNS,17m-3. 

88 

Fig. 4.6 The plots from the ILEOP in 1-way, 2-way drainage and CRS test with 

sample DIS-2, ONS-1,18m-4. 

89 

Fig. 4.7 The plots of the ILM24 tests in 1-way, 2-way drainage and CRS test 

with sample DIS-2, ONS-1, 18 m. 

90 

Fig. 4.8 The cell effect from the CRS tests for different cells with sample DIS-

2, ONS-1,18.3-18.4 m. 

93 

Fig. 4.9 The cell effect from the CRS tests for different cells with sample DIS-

2, ONS-1, 19.8-19.9 m. 

94 

Fig. 4.10 The cell effect from the ILEOP, 1-way tests for different cells with 

sample DIS-2, ONS-1, 19.9-20.0 m. 

95 



xv 

 

Fig. 4.11 The cell effect from the IL24, 2-way tests for different cells with 

sample DIS-2, ONS-2,12.43-12.53 m. 

96 

Fig. 4.12 The cell effect from the ILMEOP, 2-way tests for different cells with 

sample DIS-2, ONS-2, 19.9-20.0 m. 

97 

Fig. 4.13 The effect of testing method from the IL and CRS test with sample 

DIS-5, ONS,13 m. 

100 

Fig. 4.14 The effect of testing method from the IL and CRS tests with sample 

DIS-2, ONS-1, 12 m. 

101 

Fig. 4.15 The effect of testing method from the IL and CRS tests with sample 

DIS-2-ONS 2-12 m. 

102 

Fig. 4.16 Plot comparison between IL24 and ILM24 with sample D2-O2-12m. 108 

Fig. 4.17 Plot comparison between IL24 and ILM24 with sample D2-O2-15m. 119 

Fig. 4.18 Plot comparison between IL24 and ILM24 with sample D2-O2-18m. 110 

Fig. 4.19 Plot comparison between ILEOP and ILMEOP with sample D2-O2-12m. 113 

Fig. 4.20 Plot comparison between ILEOP and ILMEOP with sample D2-O2-15m. 114 

Fig. 4.21 Plot comparison between ILEOP and ILMEOP with sample D2-O2-18m. 115 

Fig. 4.22 Distribution of strain rate with depth and in-situ vertical effective 

stress. 

117 

Fig. 4.23 Determination of consolidation coefficient cv and constrained 

modulus M. 

118 

Fig. 4.24 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 4.83-4.93m. 

119 

Fig. 4.25 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 7.73-7.83 m. 

120 

Fig. 4.26 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 12.43-12.53 m. 

121 



xvi 

 

Fig. 4.27 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 15.43-15.53 m. 

122 

Fig. 4.28 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 18.43-18.53 m. 

123 

Fig. 4.29 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 19.93-20.03 m. 

124 

Fig. 4.30 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 25.93-26.03 m. 

125 

Fig. 4.31 Plots for comparison among IL24, ILMEOP, CRS test with the sample 

DIS-2, ONS-2, 30.43-30.53 m. 

126 

Fig. 4.32 Effect of depositional environment on preconsolidation pressure σ’p 

with and without consideration of residual pressure σ’r at DIS-2, 

ONS-2 borehole. 

128 

Fig. 4.33 Effect of depositional environment on disturbance level Δe/e0 with 

and without consideration of residual pressure σ’r at DIS-2, ONS-2 

borehole. (A: Very good to excellent, B: Good to fair, C: Poor) 

129 

Fig. 4.34 Effect of depositional environment on over-consolidation ratio OCR 

with and without consideration of residual pressure σ’r at DIS-2, 

ONS-2 borehole. 

130 

Fig. 4.35 Effect of depositional environment on Compression index Cc and 

Coefficient of consolidation cv at DIS-2. ONS-2 borehole. 

131 

Fig. 4.36 Effect of depositional environment on constrained modulus M at DIS-

2. ONS-2 borehole. 

132 

Fig. 5.1 Relationship between Cc and e0 in IL24, CRS and ILMEOP tests. 133 

Fig. 5.2 Plots of strain and total time to Normalized effective stress σ'v/σ'p 

from the ILMEOP test for 8 samples in DIS-2, ONS-2.   

136 

Fig. 5.3 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 4.83-4.93m. 

137 

Fig. 5.4 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 7.73-7.83 m. 

138 



xvii 

 

Fig. 5.5 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 12.43-12.53 m. 

139 

Fig. 5.6 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 15.43-15.53 m. 

140 

Fig. 5.7 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 18.43-18.53. 

141 

Fig. 5.8 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 19.93-20.03 m. 

142 

Fig. 5.9 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 25.93-26.03 m. 

143 

Fig. 5.10 Plots of load intensity σ’v/ σ’p  v/s strain, v/s total time, and fitting 

graph for sample DIS-2, ONS-2, 30.43-30.53 m. 

144 

Fig. 5.11 The relationship between Strain rate and depth in comparison with 

σ’vo. 

145 

Fig. 5.12 The relationship plot between strain rate and σ’vo. 146 

Fig. 5.13 The plots illustrating the relationship between (a) σ’vo and Mo , (b) Mo 

and strain rate. 

147 

 

 

 

 

 

 

 



xviii 

 

Notations 

Ap Area of piston 

Cc     Coefficient of gradation /Compression index 

cv Vertical coefficient of consolidation 

cvn Vertical coefficient of consolidation in normally consolidated 

range 

cvo Vertical coefficient of consolidation in overconsolidated range 

cvp Vertical coefficient of consolidation at the preconsolidation stress 

d0, Ri, 
sd  Displacement of gage reading for U=0% 

d90 Displacement of gage reading for U=90% 

d100, Rf, 
100d  Displacement of gage reading for U=100% 

e  Void ratio 

e The rate of void ratio  

fa,n The net axial force 

Fn Function to evaluate importance of transient strain 

Hdr  The length of drainage path 

Iv Void index 

kv Vertical coefficient of permeability 

K0     Lateral stress coefficient 

m  Modulus number 

Mo Constrained / tangent modulus in the overconsolidated range 

Mp Constrained / tangent modulus at the preconsolidation stress 

OCR Overconsolidation ratio 

R Predicted strain rate from the time of primary consolidation 

R2 Coefficient of determination 

R2* Coefficient of determination for determining strain rate 

Sr Saturation degree 

t Time 

T, Tv Time factor 

. 



xix 

 

t22.14 Time corresponding to the degree of consolidation U = 22.14% 

t50 Time corresponding to the degree of consolidation U = 50% 

t60 Time corresponding to the degree of consolidation U = 60% 

t90 Time corresponding to the degree of consolidation U = 90% 

t100 Time of primary consolidation 

U Degree of consolidation 

wn Natural water content 

Wp Effective piston weight 

z Depth 

γt Bulk unit weight 

γw Unit weight of water 

ε  Axial strain 

ɛ, r Strain rate 

Δub Excess pore-water pressure 

σb Back pressure 

σc Chamber pressure 

σ¢p       Preconsolidation stress 

σ¢r       Effective residual stress 

σ¢v0  Effective overburden stress  

σ¢v Vertical effective stress 

σ¢v The rate of vertical effective stress 

 

 

 

 

 

 

 

. 

. 



xx 

 

Abbreviations 

AL Added loading point 

ASTM America Standard Testing Material 

CRS Constant rate of strain consolidation test 

EOP End of primary consolidation 

FC Fluvial Channel 

GDS Geotechnical digital system 

IL Incremental loading consolidation test 

IL24 24-hour incremental loading consolidation test 

IL6 6-hour incremental loading consolidation test 

ILEOP Incremental loading consolidation test for EOP 

ILM24 24-hour incremental loading consolidation test with multiple-

stage loading in predicted range of σ’p 

ILMEOP Incremental loading consolidation test for EOP with multiple-

stage loading in predicted range of σ’p 

IS Inner Shelf 

LIR Load incremental ratio 

LL Liquid limit 

LVDT Linear variable differential transformer 

NC Normally consolidated 

OC Overconsolidated 

OCR Overconsolidation ratio 

PWP Pore water pressure 

SNU Seoul National University 

TF Tidal Flat 

 



161 

 

Abstract 

Consolidation Behavior of Busan Clay with Various Testing 

Methods 

 

by 

Le Minh Thang 

 

Dept. of Civil Engineering 

Graduate School, Dong-A University 

Busan, Korea 

Numerous conventional consolidation tests are used for long time with some 

advantages and disadvantages. An extensively used method is the standard one-

dimensional instantaneous loading consolidation test with the load increment of 1.0 

and the duration of 24 h (IL24; method A) or the end of primary consolidation (ILEOP; 

method B), which is recommended by the American Society for Testing Material 

(ASTM D2435). However, the test has some drawbacks to underestimate the 

preconsolidation stresses (σ¢p) and requires a long testing time (with the IL24). Thus, 

time-saving testing methods have been developed: the constant rate of strain (CRS), the 

constant loading (CL), and the constant gradient (CG) consolidation tests. Among 

them, the CRS test is highly recommended as another standard testing method (ASTM 

D4186). However, the σ¢p value determined from the CRS test is significantly 

changeable with varying strain rates. To resolve such a problem, Ozer et al. (2012) 

proposed a method of determining the strain rate that depends on the initial void ratio. 

Therefore, it is desirable to develop an improved test that is used to determine a strain-

rate independent σ¢p and save the testing time. 
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The purpose of this study is as follows: (1) evaluating the effects of possible 

influence factors on various consolidation parameters, (2) developing an enhanced 

testing method, and (3) assessing the applicability of the developed method as well as 

reevaluating the consolidation properties of Busan clay. To achieve these purposes, 

high quality samples were acquired using oil-operated sampler (Chung and Kweon, 

2013) at a site in Nakdong River Delta, Busan City, Korea. A series of consolidation 

tests on samples were conducted with various types and sizes of consolidation testing 

equipment (or cells). Significant results obtained from the tests are as follows.  

Firstly, the effects of sample saturation, drainage path, and cell size on compressive 

curves are insignificant. However, the cell types for the CRS test (Rowe, SNU, and 

GDS types) slightly affect the same results. The compressive curve obtained from the 

ILEOP test approximates that of the CRS test with the strain rate (determined with Ozer 

et al.’s method); however, the former test exhibits a value σ¢p smaller than that of the 

latter. In contrast, the IL24 test shows a higher compressibility than the above two tests.  

Secondly, an enhanced testing method was developed based on the previous test result: 

i.e., adding one more loading between two loading steps prior to and after the probable 

yield stress (denoted by ILMEOP).  The proposed testing method produces compressive 

curves to better approximate those of the CRS test, showing a close σ¢p value from the 

two tests. 

 Thirdly, the applicability of the ILMEOP test was attempted to validate through 

applying the method to samples retrieved from several depths of Busan clay and also 

comparing the test results with those of the IL24 and CRS tests. It is found that the 

compressive curves obtained from the ILMEOP test largely approximate those of the 

CRS test, where different strain rates were applied relying upon the initial void ratio. 

The coefficients of consolidation (cv) obtained from the two tests show relatively 

approximate distributions over the whole stress levels, indicating that the CRS test 
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often produces a rapid decrease in cv in the overconsolidated (OC) range. Although the 

IL24 test produces a higher compressibility than the above two tests, it rather yields the 

cv similar to that of the ILMEOP test. In addition, another advantage of the ILMEOP test 

is that the testing time is a half of that of the CRS test.  

Therefore, consolidation properties of Busan clay were reevaluated based on the 

above test results as follows. On the basis of Lunne et al.’s (1997) method, sample 

quality evaluated from the ILMEOP and CRS tests is “excellent” for the entire depths, 

whereas that from the IL24 test is “good to fair” to “poor”. Similarly, the 

overconsolidation ratio (OCR) from the former tests varies from 2.0 at the upper part to 

1.5 at the lower part, whereas that from the latter appears to be largely 1.0.  The 

compression index (Cc) is resulted to have a similar trend among the three test results, 

indicating a different trend at the highest void ratio.  The cv from the ILMEOP test varies 

with the stress level: relatively constant in the OC range, rapidly dropping, and 

constant in the normally consolidated (NC) range. The ratio between the upper and 

lower bounds is 19.64 (IL24), 15.14 (ILMEOP), and 11.10 (CRS) from each test. 

Consequently, it is validated that the ILMEOP test is applicable to Busan clay and 

effective to reevaluate its consolidation properties.  Likewise, the method would be 

recommended as a viable consolidation testing method for other sensitive clays in the 

world.  

On the basis of the above test results, the strain rate obtained from the Ozer et al.’s 

method tends to decrease with increasing depths (i.e. the overburden effective stress 

σ¢v0); whereas the constrained modulus M linearly increases with depth. Consequently, 

an empirical formulas among the parameters can be developed, which will be more 

reliable with more number of experimental data. Moreover, an improved method for 

strain rate may also be developed to better approximate between compressive curves 

obtained from ILMEOP and CRS tests.  
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