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ABSTRACT 

 

         This study focused on using the results of piezocone sounding (uCPT) and dissipation 

tests to estimate overconsolidation ratio (OCR) and consolidation properties (ch and kh) of 

soil. Currently, several existing methods for estimating OCR from uCPT results are ranging 

from empirical to theoretical approaches. Therefore, the methods for estimating OCR from 

uCPT results have been investigated.  Moreover, the existing methods for estimating 

consolidation properties (ch and kh) of soil from uCPT results are investigated using 

laboratory model test results and the field cases. 

The applicability of three (3) existing methods for estimating OCR from uCPT has been 

investigated with twelve (12) field cases around the world. All of existing methods have 

empirical parameters, and if the empirical parameters can be determined properly, reasonable 

values of OCR can be estimated. However for underconsolidated deposits, some of existing 

methods performed poorly. Therefore, a new method for estimating the value of OCR based 

on Modified Cam Clay theory has been proposed and modifications of existing method to be 

applicable for underconsolidated sites have been carried out. Finally, the proposed method 

and the modified existing methods have been evaluated using field data and it is shown that 

the proposed method can yield better results. 

         Totally fifteen (15) laboratory model tests on piezocone penetration (uCPT) and 

dissipation were conducted using five types of soil and over consolidation ratio (OCR) of 1, 

2, 4, and 8. Five types of soil, namely, remolded Ariake clay, Ariake clay mixed with a sand 

with sand/clay ratios (by dry weight) of 50:50 (Mixed soil 1), 60:40 (Mixed soil 2), 70:30 

(Mixed soil 3), and 20:80 (Mixed soil 4), respectively were used in the laboratory model 

tests. The laboratory model ground was prepared in a cylindrical container (chamber) made 

of PVC and has an inner diameter of 0.485 m and a height of 1.0 m. The soils were 

thoroughly mixed with a water content of about 1.2 times their liquid limits (LL), and 

carefully poured into the chamber layer by layer until the thickness of the model ground was 

0.8 m. Piezometers were placed at pre-determined locations in the model to measure the pore 

water pressure during pre-consolidation process. An air pressure was applied to pre-

consolidate the model ground. Once the degree of pre-consolidation was more than 95%, the 

air pressure was adjusted to achieve the desired value of OCR. After the pre-consolidation, 

the thickness of the model ground was about 0.6 m. In case of OCR > 1.0, unloading would 

induce negative pore pressure in the model ground. In this kind of case, the piezocone 
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penetration and dissipation was conducted after the negative excess pore pressure dissipated. 

Two mini piezocones (u2) have cone tip angle of 60° with diameters of 30 mm 20 mm were 

used in the laboratory test. The filter for pore pressure measurement is on the shoulder of the 

cones. The penetration rate adopted was 25 mm/min (0.4 mm/s). 

Based on dissipation test results, all measured dissipation curves are non-standard type 

where u2 increased initially and then dissipated with time. Therefore, Chai et al. (2012a)ôs 

method is used for estimating the coefficient of consolidation (ch) from uCPT laboratory 

model test results. As a result, the method performed reasonably well for all soil types. (For 

Mixed soils; results are lying between ratios of ch/cv of 0.2 to 1.0, and for Ariake clay; results 

are line between ratios of ch/cv of 1.0 to 2.0). Therefore, it is recommended that the method 

can be used in engineering practice of estimating ch from the results of piezocone dissipation 

test. However, when applying the existing method (Chai et al. 2011) for estimating 

permeability (kh) to the model test results indicates that the method performed poorly for 

overconsolidated soils. It can be seen that under the condition of a given maximum 

consolidation pressure the measured values of kv slightly increased with OCR, while the 

estimated values of kh decreased with OCR significantly for all the soil types.   

Thus, Chai et al. (2011)ôs method has been modified to be applicable for overconsolidated 

soils. Since in the method, kh is a function of
0'v

u
s

å õDæ ö
ç ÷

(æu is the measured excess pore water 

pressure and ů¡v0 is the initial effective vertical stresses), the basic idea of the modified 

method is to include the effect of OCR on
0'v

u
s

å õDæ ö
ç ÷

. Then the modified method for 

estimating kh corresponding to yield vertical effective stress (ů¡vmax) and vertical effective 

stress (ů¡v0) for OCR >1.0 has been established. In case of estimating the value kh 

corresponding to yielding vertical effective stress, the proposed method needs two 

parameters, namely, OCR and a model parameter, Ŭ. While if the value of kh corresponding to 

the initial vertical effective stress is required, two more parameters, i.e. swelling index (Cs) 

and the initial void ratio (e0) are needed. It is suggested that Cs and e0 have to be estimated 

based on local data-base about soil properties; and OCR can be estimated using the results of 

uCPT. As for Ŭ value, it is related to soil types. It is recommended to classify the soil type 

using Robertsonôs (1990) method. Finally, the modified method was evaluated to two (2) sites 

in Japan and one (1) site in China. By comparing the estimated values of kh from the results of 

uCPT and the measured values of kv, it shows that the modified method resulted in much 

better estimation of values of kh. 
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 s¡vmax  Maximum vertical (overburden) consolidation stress  

ɖ   The ratio of q/p¡ 

ə         The slopes of unloading-reloading curves in an e- ln(p¡) plot 

ɚ         The slopes of virgin loading curves in an e- ln(p¡) plot 

L        Constant in Method 3 and the proposed method, and L = 1 ï ə/ɚ 
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CHAPTER ONE 

INTRODUCTION  

 

 

1.1 Background 

 

In geotechnical engineering, piezocone penetration test (uCPT) is widely used as an 

economic and efficient site investigation technique (e.g., Campanella and Robertson 1988; 

Lunne et al. 1997; Liu et al. 2008). Cone penetration tests have been used for site 

investigation since 1932 when P. Barentsen, a Dutch engineer, used the cone to measure tip 

resistances with a depth of 4 m from the ground surface (Broms and Flodin 1988). The main 

advantages of uCPT are its simplicity, repeatability, and speedity. uCPT provides near 

continuous measurements of tip resistance (qt), sleeve friction (fs), and pore water pressure 

(u) at the shoulder (standard) of the cone. The cone can be hold at a pre-determined depth to 

measure the pore pressure dissipation process, which is called piezocone dissipation test. 

From the results of the piezocone penetration and dissipation tests, the soil profile and other 

engineering properties, such as undrained shear strength (su) of clayey deposits (e.g., 

Campanela and Robertson et al. 1988; Arulrajah et al. 2005), permeability of soil in 

horizontal direction (kh) (e.g., Robertson et al. 1992; Lunne et al. 1997; Sully et al. 1999; 

Elsworth and Lee 2005; 2007; Chai et al. 2011), coefficient of consolidation (ch) of soils in 

the horizontal direction (e.g., Teh and Houlsby 1991; Arulrajah et al. 2007; Sully et al. 1999; 

Chai et al. 2012a) and Overconsolidation ratio (OCR) (Robertson 1990, Mayne and Kemper 

1988; Wroth 1984) can be estimated. 
Overconsolidation ratio (OCR) can be determined from laboratory oedometer test using 

undisturbed soil sample. However, to retrieve undisturbed soil sample is costly, and test 

results can be influenced by several factors such as sample disturbance, interpretation method 

employed for determination the maximum past consolidation pressure (ů¡p), etc. To minimize 

these problems, numerous researches have been carried out and existing methods for 

estimating OCR from uCPT results are ranging from empirical to theoretical approaches 

(Mayne 1991; Trevor and Mayne 2004; Lunne et al. 1997), which required some empirical 

parameters.  
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To evaluate the coefficient of consolidation (ch) of the soil from the piezocone 

dissipation test results, generally the theoretical results of radial consolidation are used 

(Baligh and Levadoux, 1986; Teh and Houlsby, 1991; Robertson et al., 1992; Sully et al, 

1999; Chai et al, 2004; Robertson 2010). Most methods for evaluating the coefficient of 

consolidation in horizontal direction (ch) from piezocone dissipation test results are based on 

the assumption that during dissipation process, the measured pore water pressure reduces 

monotonically which is called ñstandardò dissipation curve. Among these existing methods 

for estimating ch from piezocone dissipation test, the most widely used is the one proposed by 

Teh and Houlsby (1991). However, in heavily overconsolidated clay deposits or dense sand 

deposits, when the dissipation starts, there is an increase of measured pore water pressure 

initially, and then dissipated with time to hydrostatic value (Lunne et al. 1986; Battaglio et al. 

1986; Sully et al. 1999; Burns and Mayne 1998) which is called ñnon-standardò dissipation 

curve. The most widely accepted method for ñnon-standardò dissipation curve is proposed by 

Chai et al. (2012a).  

Elsworth and Lee (2005; 2007) proposed a method based on basic assumption is that 

during the piezocone penetration, a ñdynamic steadyò spherical flow of pore-water will form 

around the tip of the cone and the diameter of the spherical cavity is assumed to be the same 

as the diameter of the cone. Then applying Darcyôs law to an assumed spherical flow during 

the penetration of the cone, the permeability (kh) in horizontal direction of soil can be 

estimated. However, this method is applicable only for sands and it is not applicable for 

clayey soil deposits. Chai et al. (2011) modified Elsworth and Leeôs method and extend the 

range to be applicable for almost all soil types in normally or lightly overconsolidated states 

(OCR < 2.0). While, there are many clayey soil deposits, with OCR Ó 2.0 and even for 1.0 < 

OCR Ò 2.0, what is the effect of OCR on estimated value of kh is still not clear.  

 

1.2 Objectives and Scopes 

 

         For soil investigations, borehole works are very costly and it is very difficult to obtain 

high quality undisturbed samples. These problems can be minimized if the design parameters 

can be estimated from the results of in-situ tests, such as uCPT tests. This study is focused on 

estimating OCR and consolidation properties of soil, e.g. coefficient of consolidation (ch) and 

permeability (kh) in the horizontal direction from piezocone test results. The main objectives 

of this study as the followings: 
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¶ To establish a reliable method for estimating OCR from uCPT results. 

¶ To establish reliable methods for determining the coefficient of consolidation (ch) and 

permeability (kh) in the horizontal direction from laboratory model test results of 

piezocone tests. The estimated ch and kh values from laboratory model test are 

compared with that the values from laboratory oedometer test results. 

¶ To compare and confirm the predictions with the laboratory model test results and 

field cases. 

     

1.3  Organization of the dissertation 

  

This dissertation is divided into six chapters. Fig 1.1 shows the flow chart of this 

dissertation. First chapter, Introduction, gives background, objectives and the scope of the 

research.  

Chapter 2 presents a literature review regarding to various existing methods that have 

been used to determine the overconsolidation ratio (OCR), coefficient of consolidation (ch) 

and permeability (kh) in horizontal direction from piezocone test results, as well as their short 

comes. 

Chapter 3 presents the proposed method for predicting the overconsolidation ratio (OCR) 
and its validation. Furthermore for two existing methods, modifications have been made so 

that they can be applied to underconsolidated deposits.  

Chapter 4 describes the laboratory set-up of piezocone penetration and dissipation test, 

the soils used for laboratory model tests, cases tested and the test results. The comparison of 

the results from the laboratory model test and the estimated consolidation properties by the 

existing methods are also presented in this chapter. 

  Chapter 5 presents a proposed method for estimating permeability (kh) from piezocone 

test results for overconsolidated soils. The comparison of laboratory measured and estimated 

results with the proposed method are also presents in this chapter also. Moreover, validations 

of the proposed method by using 3 field cases are discussed. 

            Finally, the conclusions drawn from this study and recommendations for future works 

are given in Chapter 6. 
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Fig. 1.1 Flow chart of this dissertation 
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PROPERTIES OF SOIL FROM THE RESULTS OF PIEZOCONE 
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Properties 
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CHAPTER TWO  

LITERATURE REVIEW  

 

 

2.1 Introduction 

 

In this chapter, the widely exisiting methods for estimating the value of OCR, coefficient 

of consolidation (ch) and permeability (kh) from uCPT and piezocone dissipation test results 

are reviewed, and their short comes are discussed. 

 

Fig. 2.1 Location of pore pressure elements 

 

2.2 Measurements from Piezocone Test 

 

The standard cone penetration provides nearly continuous measurements of tip resistance 

(qt), sleeve friction (fs) and pore water pressure (u2) at the shoulder of the cone (standard 

cone) or face, or shaft of the cone (Fig. 2.1). As an example of piezocone penetration test 

results at a location in Saga, Japan are shown in Fig.2.2. 
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Fig. 2.2 Piezocone penetration test results at a location in Saga, Japan  

 

(1) Tip resistance (qt) 

 

The measured axial force (Fc) divided by the cross-sectional area (AT) gives the 

measured tip resistance, qc = Fc/AT. While, this stress must be corrected for pore water 

pressures acting on the slot behind the shoulder of the cone (Fig. 2.3). Therefore, the true 

total tip resistance from the soil is calculated by the following equation (Baligh et al. 1981; 

Campanella et al. 1982):  

                              ( ) 2
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where qt = corrected total tip resistance,  u2 = measured pore pressure at the shoulder of the 

cone, an = net area ratio = AN/AT = 0.60 to 0.90, where AT is total cross-sectional area of the 

cone and AN is  the effective area of the cone (Fig. 2.3). 

 

 

Fig. 2.3 Total and effective stress area of cone 

 

 

(2) Measured pore water pressure (u) 

  

The pore water pressures (u) can be measured at different positions on the piezocone. 

The filter element for measuring u can be at the face (u1), the shoulder (u2), or shaft (u3) of 

the cone (Fig. 2.1). The most widely used cone is u2 type and it is called standard cone. 
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(3) Sleeve friction (fs) 

  

The measured axial force over the sleeve (Fs) is divided by the sleeve area (A) to obtain 

the sleeve friction, fs = Fs/A. However, this too requires a correction two pore water pressure 

readings are needed (u2 and u3), taken at both the top and bottom ends of the sleeve (Fig. 2.3). 

Hence total sleeve friction (ft) can be described by the following equation (Jamiolkowski et 

al. 1985): 

2t s n
f f b uº - Ö

  
                                   (2.2) 

       ( )3
2 2 3 3 1

2

/
n s

u
b d t d t d h

u
p p p
å õ
= +æ ö
ç ÷

                                      (2.3) 

where d1, d2, d3 are the diameter at different location of the cone; t2, t3 are the thickness of the 

sleeve at different location of the cone (Fig. 2.3); hs is the height of sleeve. For most 

practically used cone, the value of bn is small and bn = 0.014 is suggested for the Swedish 

CPTu standard (e.g., Lunne et al. 1997). 

 

(4) Normalized tip resistance (Qt), sleeve friction (Fr) and pore pressure ratio (Bq) 

 

 The result from CPT data can be presented in terms of normalized cone resistance (Qt), 

friction ratio (Fr), and the pore pressure ratio (Bq) (Wroth 1984). The expressions for Qt, Fr , 

and Bq are as follows:  

                                 0
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u
B

q s

D
=                                                         (2.6) 

where sv0 and s¡v0 are respectively the total and effective overburden pressure, s¡v0 = sv0 ï us,  

and us is the equilibrium hydrostatic pore water pressure. Du = u2 ï us, u2 is the pore water 

pressure measured at shoulder of the cone. 
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(5) Dissipation curves 

 

When the peizocone penetrates into the ground and halted at the predetermined depth, 

the penetration induced excess pore pressure will subsequently dissipate. The recorded pore 

pressure variation during dissipation process is called ñdissipation curveò. Generally, there 

are two types of dissipation curve. First type shows monotonic decreasing of measured pore 

water pressure (u2) with elapsed time and it is called ñstandardò curve as shown in Fig. 2.4.  

Normally, this type of the curves occurs in normally consolidated clay deposits or loose sand 

deposits (Burns and Mayne 1998).  

Another type is that when dissipation test started, u2 first increasing from an initial value 

to a maximum and then decreasing to a hydrostatic value, which is referred as ñnon-standardò 

curve as shown in Fig. 2.5, this type of dissipation often occurs in overconsolidated clay 

deposit or dense sand deposit.  

 

 
Fig. 2.4 Standard dissipation curve  
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Fig. 2.5 Non-standard dissipation curve 

 

2.3 Methods for estimating overconsolidation ratio (OCR) 

 

In geotechnical engineering, generally a parameter called overconsolidation ratio (OCR) 

is used to indicate the stress history of a soil deposit, which can be determined by conducting 

laboratory oedometer consolidation test using undisturbed soil sample. However, retrieving 

undisturbed soil sample is costly, and test results can be influenced by several factors such as 

sample disturbance, interpretation method employed for determination of the maximum past 

consolidation pressure (ů¡p), etc. Therefore, many empirical methods for determining the 

value of OCR have been proposed using the results of piezocone sounding (Mayne 1991; 

Trevor and Mayne 2004; Lunne et al. 1997).  
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2.3.1 Undrained shear strength (su) approach (Method 1) 

 

Piezocone sounding results are widely used for estimating undrained shear strength (su) 

of clayey soils through empirical correlations (Baligh et al. 1980). The equation is as follows:  

                  
( )0t v

u

kt

q
s

N

s-
=                (2.7) 

where qt is corrected tip resistance and Nkt is a cone bearing factor. Table 2.1 lists some 

proposed values (ranges) of Nkt.  

 

Table 2.1 Summary of the parameter Nkt 

Reference Nkt Location/Comment 

Aas et al. (1986) 8-16 For clays (3% < Ip < 50%) Nkt increases with Ip 

Rad and Lunne (1988) 8-29 Nkt varies with OCR 

Powell and Quarterman (1988) 10-20  

Karlsrud (1996) 6-15 Nkt decreases with Bq 

Rashwan et al. (2005) 11 Ariake clay, Japan 

Hong et al. (2010) 7-20 Busan clay, Korea 25% < Ip < 40% 

Almeida et al. (2010) 4-16 High plasticity, soft clay, 42% < Ip < 400% 

Larsson (2015) 16.3 Swedish clay, Sweden 

 

 

Ladd and Foott (1974) developed a method to express the normalized behaviour of soils, 

which is named as SHANSEP method (stress history and normalized soil engineering 

properties). SHANSEP testing was developed at MIT and was a widely used method for 

evaluating the undrained shear strength of soil from the relationship between su/ů¡v0 and OCR 

which can be expressed by following empirical equation: 

       
0'

u

v

ms
S OCR

s
= Ö              (2.8) 

where S and m are constants. Ladd and DeGroot (2003) indicated that for most soils, m is 

approximately 0.8 and 0.22 for S. For organic soils, not including peats, they recommend a S 

value of 0.25. Using simple shear (DSS) test results under normal consolidation condition, 

Wroth (1984) proposed an equation estimating S as follows: 
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1

sin '
2

S f=      (2.9) 

where f¡ is internal effective friction angle of a soil. By combining Eqs. (2.7) - (2.8), an 

expression for OCR can be derived as follow (e.g. Mayne 1986):  
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    (2.10) 

 

2.3.2 Normalized tip resistance (Qt) approach (Method 2) 

 

Another empirical method that was extensively used for evaluating OCR from uCPT 

results using normalized tip resistance (Qt) in Eq. (2.4). The relationship between OCR and 

Qt can be expressed as (Mayne and Kemper 1988): 

0

0'
t v

v

q
OCR k

s

s

å õ
æ ö
ç ÷

-
=        (2.11) 

where k is a constant. Table 2.2 summarizes some proposed values of k. 

 

Table 2.2 Summary of the parameter k 

Reference k Location/Comment 

Lefebvre and Poulin (1979) 0.25-0.4 Norway & UK sites 

Mayne and Holtz (1988) 0.4 World Data 

Larsson and Mulabdic 

(1991) 

0.29 Scandinavian Soils 

Mayne (1991) 0.33 Cavity Expansion & Critical State Soil 

Mechanics Analysis 

Leroueil et al. (1995) 0.28 Eastern Canada Clays 

Chen and Mayne (1996) 0.305 205 Clay sites 

Lunne et al. (1997) 0.2-0.5  

Mayne (2001) 0.65(Ip)
-0.23 Ip is plasticity index. 

Mesri (2001) 0.25-0.32 su/s¡p=constant interpretation 

Abdelrahman et al. (2005) 0.2-0.5 Port Said Site, Egypt 

Pant (2007) 0.14 Louisiana Soils - 7 Sites 
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Based on SHANSEP approach, Saye et al. (2013) proposed a two-parameter method to 

estimate the value of OCR from Qt as follows:  

 

 

1/ CPTum

t

NC

Q
OCR

Q

å õ
=æ ö
ç ÷

                                 (2.12) 

where QNC and mCPTu are two empirical constants. It was suggested that QNC can be 

estimated from plasticity index (Ip) and mCPTu from liquid limit (LL) as follows: 

( )For 9,                     23.18 2.36
P NC PI Q I< = -                (2.13) 

( )For 65 9,              3.98 0.031
P NC PI Q I> > = -                (2.14) 

( )For 14,                    0.021 0.48
P CPTu PI m I> = +                (2.15) 

For 14,                                0.80
P CPTuI m¢ =                (2.16) 

( )For LL 32,                  5.9 LL 25 45.6NCQ< = - -                (2.17) 

( )For 100 LL 32,          3.69 0.019 LL 25NCQ< ¢ = - -         (2.18) 

 
( )For LL 35,                  0.013 LL 25 0.65CPTum> = - +                (2.19) 

For LL 35,                                 0.80CPTum¢ =                (2.20) 

 

Since Eq. (2.11) only needs one empirical parameter but Eq. (2.12) needs two empirical 

parameters (QNC and mCPTu), it is considered that Eq. (2.11) is more practical and it is used in 

this study. 

 

 

2.3.3 Approach based on cavity expansion and critical state soil mechanics theories 

(Method 3) 

 

Mayne (1991) proposed a method for estimating OCR by combining the theories of 

cavity expansion and critical state soil mechanics.  OCR can be computed by the following 

equation: 
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where M is the slope of critical state line in p¡-q plot (p¡ is mean effective stress and q is 

deviator stress), M =
6 sin '

3 sin '

f

f-
), and L = 1 ï ə/ɚ (ɚ and ə are slopes of virgin loading and 

unloading-reloading curves in void ratio, e versus ln(p¡) plot). The range of ə/ɚ is 1/5 to 1/10, 

and therefore, L = 0.8 to 0.9.  

Trevor and Mayne (2004) collected some field data and modified Eq. (2.21) with a 

correction factor as follows: 

1/
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2.3.4 Limitation of the methods 

 

Soil parameters and/or empirical parameters needed in each method are summarized in 

Table 2.3. 

 

Table 2.3 Summary of parameters needed in each method 

Method Soil properties Empirical 

parameters 

1 - Nkt, S, m 

2 - k 

3 f¡ L  

 

 

As indicated in Table 2.3, except Method 3, all the existing methods need some empirical 

parameters. There are disadvantage and advantage of involving some empirical parameters. 

The disadvantage is that the value of some empirical parameters need to be back fitted using 

measured values or determined based on local experience; and the advantage is the properties 

of local soils can be indirectly considered into the empirical parameter. There is a need to 
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identify which method can result in consistently more reliable values of OCR using field 

measured uCPT sounding results and laboratory directly measured values of OCR. 
 

2.4 Methods for estimating coefficient of consolidation (ch) 

 

2.4.1 Methods for standard dissipation curves 

 

The methods of estimating the value of ch from the standard dissipation curves have been 

proposed by Torstensson (1977), Baligh and Levadoux (1986), and Teh and Houlsby (1991).  

Torstensson (1977) suggested that the pore pressures in the soil caused by steady cone 

penetration can be estimated by the solutions corresponding to cylindrical or spherical cavity 

expansion theories. Torstenson proposed to estimate the coefficient of consolidation at 50% 

of consolidation by the following expression: 

                                        
250

50

h

T
c R

t
=                                                         (2. 23) 

where T50 = time factor at 50% consolidation predicted by the theory of uncoupled 

consolidation analysis (finite different method) as a function of /
u u

E s  and the type of cavity 

(cylindrical or spherical); Eu = Youngôs modulus and su = undrained shear strength of the clay 

respectively; t50 = measured time to achieve 50% consolidation; and R = radius of the cone. 

 Baligh and Levadouxôs (1986) solution was developed based on linear consolidation 

analysis and initial pore pressure distributions calculated by the strain path method for 

undrained penetration with soil properties of Boston blue clay. At a given degree of 

consolidation, the predicted horizontal coefficient of consolidation is obtained as: 

                                      

2

h

T R
c

t

*

=                                                            (2. 24) 

where T* = time factor (at 50% degree of consolidation, T* = 5.6), t = measured time 

corresponding to the given degree of consolidation. 

The most widely used method is the one proposed by Teh and Houlsby (1991). Based on 

the results of the initial pore pressure distribution proposed that ch can be calculated as well 

as dissipation process depend on the value of rigidity index of soil (Ir = G/Su).  
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* 2

50

r

h

T R I
c

t
=      (2.25) 

where T* = modified time factor corresponding to 50% degree of consolidation. For pore 

pressure filter located at the shoulder of the cone, T* = 0.245, where G is the shear modulus, 

and su is undrained shear strength. 

 

2.4.2 Method for non-standard dissipation curves 

 

As for the non-standard dissipation curve, only few methods are available. Chai et al. 

(2012a) conducted uncoupled dissipation analysis with different initial u distributions using 

finite different method, and proposed an empirical equation for correcting t50. The correction 

equation is as follows; 

                          
50

50 0.67 0.3
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50
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                                       (2.26) 

where t50c is the corrected time for 50% dissipations of the measured maximum excess pore 

water pressure, tumax is the time for measured excess pore pressure to reach its maximum 

value. Then substitute t50c into Eq. (2.25) in the place of t50 to calculate the value of ch.  

 

2.4.3 Discussions 

 

For a standard piezocone with a shoulder filter element (u2), the dissipation tests show 

two types of dissipation curves. One is monotonically decreasing pore water pressure, which 

is often observed in normally consolidated deposit and designated as the ñstandardò 

dissipation curve. However, in overconsolidated cohesive soils, a dissipation curve shows an 

initial increase in pore water pressure and then decrease to hydrosatic pressure, which is 

called ñnon-standardò dissipation curve. The most widely used method for estimating the 

coefficient of consolidation in horizontal direction (ch) for standard dissipation curve is 

proposed by Teh and Houlsby (1991). As for non-standard dissipation curve, Chai et al. 

(2012a) proposed an empirical equation for correcting t50 as t50c which substitute the t50c value 

in the place of t50 into the equation proposed by Teh and Houlsby (1991). 
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2.5 Methods for estimating permeability (kh) 

 

There are several methods for estimating kh values from piezocone sounding records. 

Most of the proposed methods are empirical, and some of them only provide a likely range of 

kh value (Robertson et al. 1992). Elsworth and Lee (2005; 2007) proposed a semi-theoretical 

equation for estimating kh value, but the method is only applicable to sandy soils. Chai et al. 

(2011) modified Elsworth and Leeôs (2007) method, and the modified method is applicable to 

most soil types.  

 

2.5.1 Existing methods to estimate permeability 

 

(a) Elsworth and Leeôs method 

 

Elsworth (1991) proposed analogy exists between cone penetration and the behavior of a 

point normal dislocation moving within a saturated porous elastic medium and leaving a 

remnant void. The penetrometer displaces a volume, and with the advancing of the cone 

which represented by a point normal dislocation of equivalent volume. The point dislocation 

within a saturated porous elastic medium couples displacements with the generation of 

undrained pore pressure within the surrounding area and also allows forming a steady flow 

around the void, where rate of the flow is controlled by permeability.  

Elsworth and Lee (2005) proposed a method based on the dislocation model (Elsworth 

1991) with finite radius penetrometer approach. The basic assumption is that during the 

piezocone penetration, a ñdynamic steadyò spherical flow of pore-water will form around the 

tip of the cone and the diameter of the spherical cavity is assumed to be the same as the 

diameter of the cone. The rate of spherical flow of pore water through the periphery of the 

cavity (Q) is assumed to be equal to the rate of volume penetration( v)D of the cone (the 

continuity assumption).  

Applying Darcyôs law to the assumed spherical flow, and assuming that zero excess pore 

water pressure exists at an infinite distance from the cone, an explicit equation has been 

derived to calculate the soil permeability. The basic concept of this method is illustrated in 

Fig. 2.6. The equation proposed by Elsworth & Lee (2005) for estimating the value of kh is: 

                                    0

0

4 '

4 '

D w h v
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R U

g s

s g
= =                                          (2.27) 
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where kh is the permeability of soil in horizontal direction, u2 is the absolute pore water 

pressure measured by the piezocone, us is the initial hydrostatic pore water pressure, ɔw is the 

unit weight of water, and KD is a dimensionless soil permeability index, which can also be 

expressed as:  

                                                  
1

D

q t

K
B Q
=                                                             (2.28) 

Elsworth and Lee (2005) described that Eq. (2.27) can only be used for the case of 

partially drained conditions in the soil ahead of and surrounding the cone penetrometer.  This 

means that the value of k of the soil must be low enough for excess pore water pressure to be 

generated, and at the same time it must also be high enough to allow formation of ñdynamic 

steadyò pore water flow around the cone.  

Elsworth and Lee (2007) collected some of the available data from field piezocone 

soundings and measured soil permeability values (k) for the same soils, and suggested that Eq. 

(2.27) should be used only for BqQt < 1.2, that is, for soils with k > 10-5 m/s, which 

corresponds to fine sand. 

 

 

Fig. 2.6 Basic concept of Elsworth and Leeôs (2005) method 
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Fig. 2.7 Relationship between measured non-dimensional hydraulic conductivity KD and BqQt 

from piezocone test (data from Elsworth and Lee 2007) 

 

As a consequence, Elsworth and Lee (2007) modified the KD ï (BqQt) relation and 

suggested a new equation (Fig. 2.7): 

 

( )
1.6

0.62
D

q t

K
B Q

=                                                        (2.29) 

 

(b) Chai et al. (2011)ôs method 

 

Chai et al. (2011) modified Elsworth and Leeôs (2007) method and proposed semi-

theoretical equations for calculating kh values from uCPT sounding results. The bi-linear KD - 

(BqQt) relationship proposed is as follows (Fig. 2.8): 

For BqQt Ò 0.45    
1

D

q t

K
B Q
=                                         (2.30)                                                
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          and for BqQt > 0.45   
4.91

0.044

( )
D

q t

K
B Q

=                               (2.31)  

 

 

Fig. 2.8 Bi-linear relationship between measured non-dimensional hydraulic conductivity KD 

and BqQt from piezocone test (data from Chai et al. 2011) 

 

Further, as shown in Fig. 2.9, during the piezocone penetration, water cannot flow into 

the cone (in the direction shown by the arrow A). Therefore it is more appropriate to assume 

that the surface area for water flow is only a half sphere, in that case Eq. (2.27) can be 

modified as: 

                                               
0

2 '

D w
h

v

K U R
k

g

s
=                                                             (2.32) 

Chai et al. (2011)ôs method extended the range to be applicable for almost all soil types 

in normally or lightly overconsolidated state. 

 

 



 

21 

 

 

 

 

Fig. 2.9 Half-spherical flow 

 

 

2.5.2 Discussions 

 

Elsworth and Lee (2005; 2007) proposed a method for estimating permeability (kh) of 

soil in horizontal direction from piezocone sounding results by applying the Darcyôs law to 

an assumed spherical flow during the penetration of the cone. This method is only applicable 

for sand deposits. Chai et al. (2011) modified Elsworth and Lee (2005; 2007)ôs method and it 

is applicable for almost all soil types in normally or lightly overconsolidated states. However, 

in heavy overconsolidated state, the estimated value of kh from uCPT results is still not clear.  
 

2R 
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2.6 Summary and discussions 

 

Piezocone sounding (uCPT) and dissipation tests are efficient and economic site 

investigation methods. Currently, there are several existing methods for estimating 

overconsolidation ratio (OCR) from the results of uCPT. Most of them are based on empirical 

approach which requires some empirical parameters. There is a need to identify which 

method can result in most consistent and reliable value of OCR when compare with the 

directly measured values.  

Piezocone dissipation tests show two types of dissipation curves. The methods for 

estimating the coefficient of consolidation in horizontal direction (ch) from dissipation test are 

reviewed and the methods for estimating the values of permeability (kh) from uCPT results 

are also reviewed. The applicability of existing methods for estimating kh is range from the 

soils in normally to lightly overconsolidated states. However, in natural soil deposits, there 

are many soils in heavy overconsolidated state, which is still not clear. To investigate 

regarding this matter, a series of laboratory model tests of uCPT and dissipation process were 

conducted with different soil samples and OCR values. Consequently, the applicability of 

existing methods for estimating ch and kh from laboratory model test results of uCPT and 

dissipation process is need to be evaluated.   
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CHAPTER THREE 

METHOD S FOR ESTIMATING OCR  

 

 

3.1 Introduction 

 

Three (3) existing methods for estimating OCR from piezocone penetration test (uCPT) 

results were reviewed in Chapter 2. In this chapter, twelve (12) field case histories have been 

collected from literatures, and then the applicability of the existing methods are evaluated and 

discussed. The values of OCR estimated from uCPT results using different method are 

compared with measured data from laboratory oedometer tests. Then new method based on 

modified Cam Clay theory (Roscoe and Burland 1968) is proposed. Moreover, existing 

methods are modified to be used for underconsolidated deposits.  

 

 

3.2 Field case histories 

 

In order to evaluate the applicability of the existing methods, data from 12 sites from 

different countries around the world as indicated in Fig. 3.1 have been collected. For ease to 

present the results, these sites have been divided into 3 Groups. Group 1 contains of 2 sites in 

Japan, Saga site and Yokohama site. Group 2 has 1 site at Lianyungang, China, 2 sites at 

Busan, Korea and 1 site at Port Said, Egypt. Group 3 contains of 5 sites in Sweden and 1 site 

in Finland.  

If not specified, the piezocones used had an apex angle of 60° with a tip area of 1000 

mm2, and the filter for pore water pressure measurement was at the shoulder of the cone (u2). 

The penetration rate was 20 mm/s. 
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Fig. 3.1 Location of all uCPT investigated sites 
 

 

3.2.1 Sites in Japan (Group 1) 

 

3.2.1.1 Saga site 

 

Along the coast of Ariake Sea (a semi-enclosed inland bay), Kyushu, Japan, deposited 

clayey soil layers, called Ariake clay with a thickness of 10 to 30 m. In this area, a highway 

project is currently under construction. uCPT tests were conducted for the site investigation 

along the route of the project adjacent to boreholes (Ariake Sea Coastal Road Development 

Office (ASCRDO), Saga Prefecture, 2008). uCPT test results at ten (10) locations, which 

have detailed information on groundwater level and laboratory measured values of OCR were 

chosen to apply the method for evaluating OCR. Figs. 3.2 to 3.11 show the soil strata, 

piezocone sounding results and measured values of OCR at ten (10) locations of Saga site. 



 

25 

 

 

Fig. 3.2 Soil strata, piezocone sounding results and measured values of OCR at a location 

H15-308 of Saga site 

 

 
Fig. 3.3 Soil strata, piezocone sounding results and measured values of OCR at a location 

H15-309 of Saga site 
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Fig. 3.4 Soil strata, piezocone sounding results and measured values of OCR at a location 

H15-311 of Saga site 

 

 

Fig. 3.5 Soil strata, piezocone sounding results and measured values of OCR at a location 

H15-313 of Saga site 
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