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ABSTRACT: To prepare the global standardization of the geotechnical method, i.e. AASHTO 

LRFD, Euro code 7, several research studies for applying the LRFD method to geotechnical 

engineering based on the reliability approach progress actively in Korea. In this study, the 

geotechnical LRFD is applied in the area of soil improvement, i.e. deep mixing method (DMM). The 

resistance bias factor is calculated from the ratio of the unconfined compressive strength on in-situ 

stabilized soil column to the design standard strength of the treated soil manufactured in the 

laboratory. Then, the resistance factor is obtained after calculating the resistance bias factors. The 

target reliability indices for calculating the resistance factors are determined by performing the 

reliability analyses using the various design cases of the DMM. From the analyses, the bias factor 

and the COV of the resistance are calculated as 
R =1.36 and 

RCOV =0.35. The dominant failure 

modes in the DMM improved ground are the compressive strength at the toe of the improved ground 

and the shear strength of the improved ground. The target reliability index is suggested as 
T =3.1 

and the resistance index for internal stability of the improved ground is calculated as  =0.43~0.44. 

It is expected that the suggested resistance factors would be useful for the geotechnical engineers to 

design the port and harbor structures on the DMM improved grounds which have large uncertainties 

of the random variables in load and resistance.  
 

 

1 INTRODUCTION 

 

Recently, the limit state design (LSD) and the load resistance factor design (LRFD) becomes the 

standardized method in geotechnical engineering, and the criteria of the geotechnical design begin to 

transfer from the allowable stress design to LRFD. In EU countries, e.g. Belgium (NBN EN 2005), 

Denmark (DS/EN 2007), France (NF EN 2005), German (DIN EN 2009), adopted Eurocode 7 (CEN 

2004) based on the limit state design. In North America, US (AASHTO 2010) and Canada (CSA 

2006) adopted the LRFD method. In Asian countries, limit state design method is selected in China 

(Zhang et al. 2003) and Japan (Okahara et al. 2003) which is similar to Eurocode 7. 

LRFD has been used in North America for the design of highway bridges and their substructures. 

LRFD, which accounts for uncertainty in load and resistance separately, can handle the design 

uncertainty in a more systematic manner than ASD (Allowable stress design) method. LRFD is 

known to provide more consistent levels of safety across the entire structure by calibrating the 
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parameters with respect to the actual load and the resistance data as well as using reliability based 

resistance factors. 

LRFD to bridge substructures components has been applied for shallow foundations (Fellenius 

1994, Meyerhof 1994, Paikowsky et al. 2010), deep foundations (O'Neill 1995, Paikowsky et al. 2004), 

foundation of offshore platforms (Hamilton & Murff 1992, Tang 1993), retaining wall and 

mechanically stabilized earth (MSE) walls (Withiam et al. 1995, D'Appolonia 1999, Chen 2000a, Chen 

2000b, Allen et al. 2001, Huang 2010), and soil-nailing(Lazarte 2011). 

In Korea, LRFD was introduced in the standard specifications of highway bridges in 1996 and the 

reliability based design method is first applied to the performance-based seismic design in 1998.  

Most of the LRFD applications in geotechnical engineering in Korea have been performed in the 

area of the driven piles (Kwak et al. 2010, Kim & Lee 2012) and in-situ installed pile methods (Yoon 

et al. 2007). Korea Institute of Construction Technology has performed the R&D entitled 

“Determination of resistance factors for foundation structure design by LRFD (KICT 2008)” and the 

result was adopted in the design specifications of structural foundation (KGS 2009). Currently, the 

grounds modified by various soil improvement methods are used for foundations of the structures in 

Korea. However, the applications of LRFD for those soils are quite rare.  

The authors have been performed the studies for applying the LRFD method to weak soil 

improvement method and for modifying the standards of the foundation design conforming to the 

world geotechnical standards. In this paper, the resistance factors of LRFD are suggested for the 

foundations improved by the deep mixing method (DMM). The resistance bias factor is calculated 

from the ratio of the unconfined compressive strength of the core samples from the in-situ stabilized 

column to the design standard strength of the treated soil manufactured in the laboratory. The 

resistance factors are obtained after calculating the resistance bias factors. The target reliability 

indices for calculating the resistance factors are determined by performing the reliability analyses 

using the various design cases of the DMM and by the literature studies. 

 

 

2  THEORETICAL BACKGROUND OF LRFD 

 

In the LRFD method, two parameters are used to account for the uncertainty, i.e. load factors for 

load uncertainty and resistance factors for the material uncertainty (Equation 1). In the equation, the 

resistance capacity which is obtained by multiplying nominal resistance, 
nR , to the resistance factor , 

 ,  is greater or equal to the design loads which is calculated by the nominal load, 
nQ , times to the 

load factor, 
Q , and the load modifier factor, 

i (AASHTO 2010).  

 





N

i

iiin QR
1

  (1) 

 

The load (Q) and the resistance (R) in the Equation 1 are the random variables and are 

represented by the probability density curve of normal or lognormal distributions (Figure 1a). The 

hatched area in Figure 1a represents the probability of failure in which the load becomes greater than 

the resistance. To calculate the probability of failure, the double integration is needed with respect to 

the load and the resistance. Therefore, the integral equation is transformed to the limit state function 

g(=R-Q) and the probability of failure is calculated using Equation 2. Figure 1b shows the failure 

region, g < 0. Pf is again showed by the reliability index, β . Reliability index, β  is the distance of 

g  normalized by the standard deviation of R-Q, 
g . 
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(a) distributions for random variables of Q and R               (b) Distribution of limit state function, g  

Figure 1. Description of the Probability of failure and reliability index (Allen et al. 2005). 

 

Nominal values of load and resistance has the relation of Equation 3 and 4, in which 
Q and 

R are the bias factors of Q and R. Bias factors are represented by the ratio of the measured values 

with the predicted values of Q and R. Bias factors give the clue to judge the accuracy of the analysis 

models for Q and R.  

 

nQm QQ   (3) 

nRm RR   (4) 

 

When the Q and R have the normal distributions, the reliability index, β in Figure 1b is 

represented by Equation 5. In the case that Q and R has lognormal distributions, the reliability index, 

β is shown as the Equation 6. Probability of failure in Equation 2 is represented again as Equation 7 

using the reliability index, β . 
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where 
QCOV  and  

RCOV are the coefficient of variance for load and resistance, Q and R. 

The resistance factor is derived as Equation 8 including the dead and live load from Equation 1 

and the target reliability index from Equation 6 (Barker et al. 1991, Withiam et al. 1998, Paikowsky 

et al. 2004).  
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in which   is the resistance factor, 
R , 

QD , 
QL are the bias factors of the resistance, the dead 

and the live load, respectively. 
QD , 

QD  are the dead and the live load factors, and
RCOV , 

QDCOV , 

QLCOV  are the coefficient of variation of the resistance, the dead and the live loads, respectively. 

LD QQ / is the ratio of the dead and live load,  and 
T is the target reliability index. 

 

The procedure of studying the geotechnical LRFD in this study is the following:  

 

1) The field data of the design parameters are collected and analyzed statistically. The bias 

factors are obtained for the field data versus the predicted data using the design formula.  

2) The limit state functions of the structures of interest are defined for the possible failure 

modes.  

3) The allowable level of the uncertainty is decided from the reliability analysis and is shown 

by the target reliability index.  

4) The calibrations of the resistance factors for the internal stability failure modes of the DMM 

improved harbor structures are performed.  

 

3  BASIC CONCEPT AND DESIGN PROCEDURE OF DMM 

 

Deep Mixing Method (DMM) is one of the soil improvement method in which the stabilizers, e.g. 

lime and cement etc., are supplied into the ground and forcefully mixed with the weak soils for the 

purpose of increasing the strength and decreasing the settlement of the ground. The stabilizer mixed 

with the weak soil incurs the chemical reactions named as pozzolanic reaction.  

The types of foundation structures made by DMM are divided into the block, wall, group 

column-type structures and are made according to the various ground conditions and the foundations 

of the super-structures (Figure 2). In Scandinavia and USA, the group column-type DMM is applied 

to support embankments and light weight superstructures. In Korea and Japan, the wall-type 

improvements are preferred as the foundation of harbor and port structures where the weights of 

superstructures are supported by the improved ground. 

 

   

                 (a) Block-type                                    (b) Wall-type                             (c) Group column-type 

 Figure 2. Improvement patterns for Deep Mixing Method. 

 

The procedure of DMM design is the followings and the details are found in CDIT (2002). 

 

Step 1 : By assuming the improved grounds can support the upper structures in full, the external 

stability of the structures is checked for the failure modes of the sliding, the overturning 

and the bearing capacity of the ground.  

Step 2 : The internal stability is checked for the stresses developed by the external stresses. The 

items of the internal stability checks are toe pressures of the improved ground, shear 

stress of long-wall and short-walls and the extrusion failure of untreated soil.  

Step 3 : The circular sliding failure of the combined structure and foundation, and the settlement 

of the improved ground are checked.  
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4  STATISTICAL ANALYSIS AND CALIBRATION OF DEEP MIXING FOUNDATION 

4.1 DATABASE OF DMM 

 

Compressive strength of the improved grounds using DMM is very important for securing the 

stability of the structures of interest.  In this study, the compressive strength data of the DMM are 

collected from the laboratory tests. The laboratory DMM samples are produced in the process of the 

quality control and quality assurance of the mix design (Table 1).. Also, the in-situ samples collected 

from the field soil improvement by DMM (Table 2). The data of the compressive strength for both 

the laboratory and field samples are obtained from the six construction sites improved by DMM 

(Table 1 & 2). The resistance bias factors are calculated from the statistical analysis of the above 

DMM data. 

The average compressive strength of the field samples, quf, is in the range of 1,737~3,953kPa and 

estimated as 85% of those obtained from the laboratory mixed DMM samples, qul (Figure 3) in this 

study. These results are a little lower than the ratios of the compressive strength of DMM, 

uluf qq / =1.0 suggested in Japan (CDIT 2002). 

 
Table 1. Unconfined compression strength data for laboratory test for mix design 

Site 

Mixing conditions Laboratory 

Strength 

qul(kPa) 

Design Standard 

Strength 

quck(kPa) 
Cement rate 

(kg/m
3
) 

Water/Cement 

ratio(w/c) 

A Daebyun fishing port 300 0.8 3,380 2,253 

B Seoul-Incheon waterway 300 0.8 5,465 3,643 

C Busan breakwater 

180 0.8 2,711 1,807 

200 0.8 3,649 2,433 

220 0.8 4,227 2,818 

D Yeosu port access road 250 0.8 2,183 1,455 

E Yongho bay reclaimed land 
250 1.0 4,038 2,692 

300 0.9 4,510 3,007 

F Busan container terminal 270 0.8 4,357 2,905 

G Ulsan south breakwater 300 0.7 4,850 3,233 
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Figure 3. Relationship between unconfined compression strength of laboratory treated soil 
 and of in-situ improved soil. 

The coefficient of variations (COVs) of the compressive strength of the in-situ samples, quf, are in 

the range of 0.227~0.365. These are similar to the ranges of COVs suggested by Suzuki (1982), 

Kawasaki et al. (1984) and Taki (2003). The average of the COVs for all quf in Table 2 is analyzed as 

0.340. 

 
Table 2. Unconfined compression strength data for in-situ core samples 

Site 
Unconfined compression strength(quf) for in-situ core samples 

Num. of data Range(kPa) Mean(kPa) COV 

A Daebyun fishing port     4 2,224 ~ 4,184 2,816 0.326 

B Seoul-Incheon waterway     3 3,080 ~ 4870 3,953 0.227 

C Busan breakwater   68 1,042 ~ 5,597 3,257 0.335 

D Yeosu port access road   12    943 ~ 2,895 1,737 0.354 

E Yongho bay reclaimed land     4 2,061 ~ 4,836 3,378 0.340 

F Busan container terminal   15 1,698 ~ 4,265 2,786 0.301 

G Ulsan south breakwater   44 1,450 ~ 6,549 3,585 0.365 

 All 150    943 ~ 6,549 - 0.340 

 

4.2 RESISTANCE BIAS FACTOR 

 

The statistical characteristics of loads which transferred to the foundations can be brought from 

the LRFD design standards for the superstructures. Hence, the load factors and the load bias factors 

used in the formula of resistance calculation (Equation 8), can be presumed as the determined values 

from the standards. The statistical characteristics of resistance factors are estimated as the bias 

factors and COVs of resistance factors within the allowable ranges of load ratio (
LD QQ / ) (Nowak 

1999; Paikowsky et al. 2010).  

The bias factor of the resistance of the DMM improved grounds can be defined as the ratio of the 

design standard strength (quck) predicted from the compressive tests for the laboratory manufactured 

samples and those of the core samples from the field (quf).  It can be written as Equation 9 from the 

derivation of Equation 3 & 4.  

 

uck

uf

n

m
R

q

q

R

R
  (9) 

 

The bias factors and COVs for the cases of DMM construction sites in Table 1 & 2 are calculated 

as 
R = 0.45~2.35 and 

RCOV = 0.237~0.35 (Table 3).  

 
Table 3. Statistics of biases for unconfined compression strength 

Site 
Resistance bias parameters 

Num. of data Biases range R  
RCOV  

A Daebyun fishing port     4 0.99 ~ 1.86 1.25 0.33 

B Seoul-Incheon waterway     3 0.85 ~ 1.34 1.09 0.23 

C Busan breakwater   60 0.74 ~ 2.35 1.56 0.29 

D Yeosu port access road   12 0.65 ~ 1.99 1.19 0.35 

E Yongho bay reclaimed land     4 0.77 ~ 1.61 1.17 0.30 

F Busan container terminal   15 0.58 ~ 1.47 0.96 0.30 

G Ulsan south breakwater   43 0.45 ~ 1.92 1.09 0.35 
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 All 150 0.45 ~ 2.35 1.36 0.35 

In all sites except the site F, the bias factors of resistance are calculated greater than 1.0. It can be 

recognized that the predicted compressive strengths are tend to be underestimate the compressive 

strength of field core samples. The average value of the bias factors and COVs for all cases are 

calculated as 
R =1.36, and 

RCOV =0.35. 

In order to find the distribution types of the resistance bias, they are plotted in normal probability 

paper for the sites of C and G where the data numbers are more than 30 (Figure 4). The theoretical 

distribution curves of lognormal and normal distributions are shown as the solid and the dotted lines, 

respectively, in the same figure. It was found that the distributions of the bias factors of resistance 

are well fitted into both curves, although the distributions of the resistance bias are assumed as the 

lognormal in LRFD. 

 

 
 (a) Site C                                                                (b) Site G 

Figure 4. Standard normal variable of the resistance biases. 

 

The goodness-of-fit (GOF) tests, i.e. Kolmogorov-Smirnov test and Chi-square test, have been 

carried out to estimate the fit of the distribution of the resistance bias to the theoretical normal and 

lognormal distributions. They are performed for the significance level 5% and the results are shown 

Table 4. The tested statistic values are satisfied for the data of the Site C and G to both normal and 

lognormal distributions, since the values are well within the critical values. For site C, the tested 

statistic value is lower in the case of the normal distribution meaning that the data are more fitted to 

the normal distribution. For the site G, the data are more fitted to the lognormal distribution. The 

histogram of the resistance bias is plotted along with the probability density distribution curves of 

normal and lognormal distribution curves in Figure 5 for the data of Site C and G.  

 
Table 4. Statistical verification of bias factors for unconfined compression strength of DMM samples 

Site 

Kolmogorov-Smirnov Test Chi-square Test 

Test statistics 
Critical 

value 

Test statistics 
Critical 

value Lognormal 

distribution 

Normal 

distribution 

Lognormal 

distribution 

Normal 

distribution 

C 0.102 0.095 0.172 3.131 2.121 9.488 

G 0.087 0.159 0.198 5.261 4.230 9.488 
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(a) Site C                                                                          (b) Site G 

Figure 5. Histogram and probability density function of the biases. 

5  RELIABILITY ANALYSIS 

The resistance factors of LRFD in geotechnical engineering in 1990s were calibrated by fitting to 

the safety factors of ASD (allowable stress design) due to the lack of statistical data of geotechnical 

parameters. Most of the random variables used at this period were assumed to have lognormal 

distributions.  Kulhawy & Phoon (2002) suggested the calibration of design parameters according to 

the reliability-based design rather than to the basis of safety factors. Most of the design parameters in 

geotechncal LRFD now uses the reliability-based design method.  

In this paper, the resistance factors are calibrated and the target reliability index is determined by 

the first order reliability method (FORM), which was first suggested by Hasofer & Lind (1974). The 

procedures for calibrating the target reliability index using the FORM is reported in NCHRP Report 

507 (Paikowsky et al. 2004).  

The component reliability analyses are performed first for the various failure modes which can be 

occurred in the harbor structures on deep mixed foundations. Limit state functions are defined based 

on the possible failure modes, i.e. the external failure mode of sliding, failure and bearing capacity of 

the whole structures, and the internal failure mode of compressive and shear strength of the of DMM 

foundations (Figure 6).  

In the limit state functions, some random variables are used in common to represent the various 

failure modes. In order to consider the effects of the correlations among the failure modes which 

comes from using the common random variables, system reliability analysis is also performed. In the 

case of the foundations in port and harbor structures, the occurrence of one mode of failure could 

mean the failure of the whole system. Hence, the series system reliability analysis is used.  

Using the results of the component reliability analysis by FORM, system probability of failure 

and the corresponding reliability indices are obtained using Ditlevsen’s approach (1979). The 

equations for bimodal systems used in this study are in Equation 10 and 11.  

 

    00  jif ggPP  (10) 
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The correlations among the failure modes are obtained from the unit normal vectors to the zones 

of failure ( ), ji   and the intersection angle (  ) at the design points of each failure modes and 

represented as Equation 12 (Phoon 2008). 

 cos jiij  (12) 
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5.1 FAILURE MODES AND LIMIT STATE FUNCTIONS in DMM  

 

The failure modes in the improved ground can be divided into the three types: 1) external stability, 

2) internal stability and 3) overall stability (Figure 6). The failure modes of the external stability in 

the wall type DMM are sliding, overturning and bearing capacity failure of the improved ground. 

The failure modes of internal stability are compressive failure of the improved ground, shear failure 

of the long and the short walls, and extruding failure of the untreated soils between the walls.   

Overall stability check of the whole structure, in which the slip circle failure lines go through the 

improved grounds, is omitted since the strength of the improved ground is sufficiently high for the 

circular failure (Kitazume & Nagao 2007). The extruding failure of the untreated soil is also omitted 

since the safety factors obtained from ASD analysis were much higher than those of the internal 

stability failure.  

In this study, the external failure modes of sliding, failure and bearing capacity of the whole 

structures, and internal failure mode of compressive and shear strength of the improved ground are 

selected (Figure 6). Limit state functions for each failure modes are defined in Equation 13-18 using 

the design external forces of the improved ground shown in Figure 7. 

 

Figure 6. Failure mode for DMM-improved ground. 

 

 

Figure 7. Design loads acting on the improved ground. 
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(1) Sliding failure mode 

 

Sliding failure in the improved ground occurs when the horizontal forces acting to the improved 

ground exceeds the frictional resistances of the underlying soil (Figure 8a). It is defined as the 

Equation 13.  

 

SRXg )(1  (13a) 

RuRdph FFPR   (13b) 

dwwah PPPS   (13c) 

 

where, 
ahP  and 

phP  are the horizontal active and passive earth pressure, 
RdF , 

RuF  are the shear 

strength acting on the bottom of the improved ground and untreated soil, 
wP  is the residual water 

pressure, 
dwP  is the horizontal wave pressure(Figure 8a). 

 

(2) Overturning failure mode 

 

The overturning failure in improved ground occurs when the driving moment by the forces of 

active soil pressure, water and wave pressure, etc. exceeds the resistant moment by the self weight of 

the structure and passive pressure of backfills (Figure 8b). It is defined as Equation14.  

 

SRXg )(2   (14a) 

avavuuddbbmmss xPxWxWxWxWxWR   (14b) 

ahahdwdwww yPyPyPS   (14c) 

 

where 
udbms WWWWW ,,,,  are the masses of the superstructures, the rubble mound, the backfill 

material, the treated soil walls, the untreated soil, respectively. 
pvav PP ,  are the vertical cohesive 

forces of the untreated soil acting on the active and passive side surface. 
ix  is the horizontal distance 

from the vertical force to the front edge of the improved ground, 
iy  is the vertical distance from the 

horizontal force to the bottom of the improved ground. 

 

(3) Bearing capacity failure mode 

 

The bearing capacity failure occurs when the maximum reaction force ( 1t ) acting on the 

improved ground exceeds the bearing capacity of the underlying soil (Figure 8c). Since the vertical 

loads are supported by the long walls, the calculated reaction force is increased by the ratio of the 

width of long wall. The limit state function is defined as in Equation 15.  
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if 6/Be  ,       
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where '

20, P  are the effective stress and the unit weight of the soil under the improved ground. 
lL  

is the long-wall width (Figure 6), B is the improved ground width, e is the eccentric distance, 
iW  is 

the total of the vertical forces, X is the position of force intensity. 
1t  is the reaction pressure at the 

edge of improved ground. 

 

      

(a) Sliding failure                                                   (b) Overturning failure 

      

(c) Bearing capacity failure                                       (d) Toe compression failure 

      

(e) Long-wall shear stress failure                            (f) Short-wall shear stress failure 

Figure 8. Failure mode for DMM. 
 

(4) Toe compression stress failure 

 

The compression failure in the long-wall at the toe occurs when the compression pressure of 

improved ground, 
1T , exceeds the design standard strength ,

cf .  
1T  is the net reaction pressure at the 

edge of improved ground, which is calculated by subtracting the side skin friction 
1P  from 

1t  at the 

toe. The limit state function is defined in Equation 16.  
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SRXg )(4  (16a) 

ulc qfR    (16b) 

hKPtTS  0111  (16c) 

 

where 
cf  is the design standard strength, 

ulq  is the unconfined compressive strength of the mixed 

soil in the laboratory,  ,,  are the coefficient of effective width of the stabilized column in the 

field, the reliability coefficient of overlapping, and the ratio of unconfined compressive strength of 

in-situ stabilized soil column to the mixed soil in the laboratory, respectively.  

 

(5) Shear stress failure modes 

 

The maximum shear stresses in the treated soil are developed in vertical faces located just below 

the upper structure (Figure 8(e)-(f)). The shear stress failure occurs when the maximum shear 

stresses of long and short wall, (
sl TT , ) exceed the strength of the design standard. They are defined 

as Equation 17 and 18. 

 

For short-wall 

SRXg )(5  (17a) 

ulqR  2/1  (17b) 

AWTS ll /)(   (17c) 

 

where 
ll WT ,  are the integration of the reaction pressures and the weights of the DM masses from 

the front edge to the shear zone of the improved ground, respectively. A is the area of the shear zone 

shown in Figure 6. 

 

For long-wall 

SRXg )(6  (18a) 

ulqR  2/1  (18b) 

sdms RPPTS  )(  (18c) 

 

where 
sT  is the distributed vertical pressure from the upper structures to the rubble mound, 

dm PP ,  

are the weights of the rubble mound and short-wall, respectively. 

 

 

5.2 DETERMINATION OF TARGET RELIABILITY INDEX  

 

Paikowsky et al.(2004) and Kitazume & Nagao(2007) recommended the reliability index 

obtained from the reliability analysis for the case studies of pre-existing structures of interest as the 

target reliability index for geotechnical LRFD. In this study, the reliability analyses of the pre-

existing structures are performed for the failure modes considered in section 5.1. The reliability 

levels of the structures in the case studies are estimated and the target reliability index is determined. 

Both the component and system reliability analyses are performed using the case studies of 

domestic harbor structures in recent 5 years, where the DMM is applied for soil improvement under 
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the foundation. The cases collected are the ones which are the representative structure types in Korea 

(Table 5). Design data of the cases, i.e. water depth, the width and the depth of the improved walls 

are also shown in Table 5.  

 
Table 5.  Design data used for reliability analysis 

Site 

Design data 

Structure 

Type 

Water depth 

D.L(m) 

Improved 

depth(m) 

Improved 

width(m) 

A Yeosu(2007) Waterbreak -14.2 24.7 66.7 

B Namhae(2007) Quay wall -11.7   5.6 32.3 

C Gunsan(2008) Quay wall -  5.3 10.0 18.1 

D Ulsan(2009) Waterbreak -20.7 12.5 64.8 

E Busan(2010) Waterbreak -11.2 28.4 32.5 

 

The statistical characteristics of random variables in the limit state functions of the failure modes 

in the reliability analysis are obtained from the various laboratory and field tests and the literature 

studies (Table 6).  

From the component reliability analyses, the reliability indices for the external and internal 

failure modes are in the range of 
c = 5.376~20.251, and 

c = 2.122~7.515, respectively. They 

showed a large difference according to the failure modes. The major failure modes which dominate 

the stability of the DMM treated soils were the compressive and shear stress failure modes (Table 6). 

The range of the reliability indices obtained from the system reliability analyses are 
s = 

2.122~3.830 and are very close to the values of the minimum reliability indices of component 

analyses in the individual cases. This is because the probabilities of failure for compressive and shear 

failure modes are significantly higher than those of other failure modes in our case studies. They 

consist almost with the sum of the probability of failure of the individual failure modes (Equation 

11).  

 
Table 6.  Statistical model and random variable parameters 

Random variable 
Coefficient 

of variance 

Distributio

n 
References 

Ws Masses of the superstructures 0.04 Normal 

JPHA (2007) Wm, 

Ws 
Masses of the rubble and backfill 0.05 Normal 

Wd Masses of the improved ground 0.03 Normal Kitazume & Nagao 

(2007) Wu Masses of untreated soil 0.03 Normal 

Pah, Pph Horizontal earth pressure 0.10 Normal Phoon et al. (1995) 

Pav, Ppv Vertical cohesion force of untreated soil 0.10 Normal 
JPHA (2007) 

Pw Residual water pressure 0.20 Lognormal 

Pdw Horizontal wave pressur 0.19 Lognormal 
Takayama & Ikeda 

(1994) 

μ Coefficient of friction 0.10 Normal Nagao (2002) 

fc Design standard strength of the column 0.34 Lognormal Table 2 

1  Unit weight of the untreated soil 0.03 Normal JPHA (2007) 

cu Undrained strength of the untreated soil 0.15 Normal 
Lacasse & Nadim 

(1996) 

Nr, Nq Coefficient of the bearing capacities 0.10 Normal Nagao (2002) 

 

The target reliability index in this study is decided based on the system reliability indices as 

T =3.1 and the resistance factors of the internal failure modes are decided based on this index. 
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Table 7. Comparison of reliability index by component reliability and system reliability analyses 

Site 
Component reliability analysis(

c ) System reliability 

Analysis(
s ) g1(X) g2(X) g3(X) g4(X) g5(X) g6(X) 

A 6.702 9.075 12.733 4.102 2.353 7.515 2.353
s  2.353 

B 7.919 20.251 10.813 4.600 2.122 - 2.122
s  2.122 

C 6.023 11.853 12.945 3.830 5.897 - 3.830
s  3.830 

D 5.986 7.759 11.371 3.796 4.926 6.142 3.796
s  3.796 

E 5.376 6.184 11.594 3.403 6.244 5.404 3.403
s  3.403 

 

 

6  LOAD FACTORS AND LOAD RATIO 

 

In the field of the structural engineering, many researchers spent time to predict the reliable loads 

on the social infra structures for LRFD application. As the result, the load factors and their statistical 

characteristic values are determined from the cumulated database.  

For port and harbor structures, it seems proper to use the environmental load factor, e.g. wave 

load, as the load factor. In Table 8, the load factors and their statistical values are introduced based 

on the design standards of port and harbor in Korea (KPHA 2005) and API (1993), in which the 

environmental load factors are treated in depth.  Hence, the live load factors in the basic equation of 

LRFD i.e. Equation 8, are treated as the environmental load factors in this study, and the resistance 

factors are decided.  

 
Table 8. Values of load factors and statistical properties assumed for calibration of resistance factor 

Loads Load factors 
Statistical value for loads 

Bias factors Coefficient of variance 

Dead load QD =1.10 
QD =1.00 

QDCOV =0.10 

Live load QL =1.30 
QL =0.91 

QLCOV =0.19 

 

Load ratio is defined as the ratio of the dead load and live load, i.e. 
LD QQ / . It is known that the 

sensitivity of the reliability index is low to the load ratio. In the bridge structures, the load ratio is 

usually determined based on the span length of the bridges, and the range of the load ratio is 

determined in 
LD QQ / = 0.5~4.0. In this study, the load ratios are calculated based on the design 

loads of 5 case studies referred in Table 5, and listed in Table 9. Although the load ratio is distributed 

in rather wide ranges, its range is in between 2.9~4.4 except the site B. This result is similar to the 

case of bridge structures.  

 
Table 9. Loads ratio calculated in this study 

Site A B C D E 

Loads ratio(
LD QQ / ) 4.4 12.2 4.0 3.3 2.9 

 

 

6  CALIBRATION OF RESISTANCE FACTORS 

 

6.1 PRELIMINARY CALIBRATION SCHEME USING SAFETY FACTOR 

 

FHWA(2001) suggested the a preliminary calibration scheme in Equation 19 to calculate the 

resistance factors using the safety factor in ASD. To compare the calibration scheme using reliability 

based design, a preliminary calibration scheme using safety factors is performed in this section.  
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The load ratio and the load factors in this analysis are as adopted from Table 8-9. The safety 

factors in the application of DMM to port and harbor structures according to the ASD are Fs = 1.2 

for sliding and overturning failure modes and Fs=3.0 for bearing capacity, Toe compression stress 

and shear stress failure modes. 

 The calculated resistance factors are listed by varying the load factors in Table 10. It can be 

recognized that the resistance factors are slightly decreased when the 
LD QQ /  is less than 2.0 and 

converged to constant values thereafter (Figure 9). In the range of 
LD QQ / = 2.9~4.4 for DMM 

treated grounds, the results turns out that the resistance factor,  ,  is  0.95 for Fs = 1.2 and  = 0.38 

for Fs = 3.0.  

 
Table 10. Resistance factors based on the factors of safety 

Failure mode Factors of safety 
Resistance factors 

QD/QL=1.0 QD/QL=2.0 QD/QL=4.0 QD/QL=10.0 

Sliding 
Fs=1.2 1.00 0.97 0.95 0.93 

Overturning 

Bearing capacity 

Fs=3.0 0.40 0.39 0.38 0.37 Toe compression stress 

Shear stress 

 

 

Figure 9. Resistance factors as function of load ration and safety factors. 

 

 

 

6.2  CALIBRATION BASED ON TARGET RELIABILITY INDEX  

 

The resistance factors are calculated according to the reliability based LRFD calibration scheme. 

The results of the analysis of the compressive strength data for DMM treated construction sites and 

the target reliability indices from the reliability analyses of the existing harbor structures founded on 

the DMM treated soils, in this study, are used. The statistical values for the loads and resistances 

obtained from the calibration process are summarized in Table 11.  
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The calculated results of the resistance factors with respect to the load ratio and the target 

reliability indices are shown in Figure 10 and Table 12.  The resistance factors are decreased as the 

load ratios are increased. As the target reliability indices are increased, the spread of the resistance 

factors are slightly decreased relating to the load ratios. Within the load ratio of 
LD QQ / =2.9~4.4, the 

resistance factors are almost the same and have 2% difference between max. and min. values. 

Within the ranges of the reliability index of the existing sites,
s =2.12~3.83, and the ranges of the 

load ratio, 
LD QQ / =2.9~4.4, the resistance factors are calculated as  =0.33~0.66. In the case of the 

target reliability index 
T =3.1, the resistance factor is calculated as  =0.44~0.45. 

 
Table 11. Statistical value for reliability-based on calibration of resistance factors for internal stability of DMM 

Load Resistance Target Reliability 

index Load factors Bias factors COV Bias factor COV 

QD =1.10 

QL =1.30 

QD =1.00 

QL =0.91 

QDCOV =0.10 

QLCOV =0.19 R =1.36 
RCOV =0.35 T =3.1 

(
s =2.12~3.83) 

 

 

Figure 10. Resistance factors for reliability index. 

 
Table 12. Result of calibration of resistance factors for internal stability of DMM 

Reliability index 
Resistance factors 

LD QQ / = 0.5 
LD QQ / = 2.9 

LD QQ / = 4.4 
LD QQ / = 10.0 

 = 2.12 0.74 0.66 0.65 0.63 

 = 2.33 0.68 0.61 0.60 0.58 

 = 2.50 0.63 0.57 0.56 0.54 

 = 3.00 0.52 0.46 0.46 0.44 

T = 3.10 0.50 0.45 0.44 0.43 

 = 3.50 0.42 0.38 0.37 0.36 

 = 3.83 0.37 0.33 0.33 0.32 
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7  CONCLUSIONS  

 

In this study, the uncertainties of the load and resistances on the improved grounds by DMM are 

analyzed statistically. Target reliability indices are determined based on both component and system 

reliability analyses. The calibrations of the resistance factors for the internal stability failure modes 

of the DMM improved harbour structures are performed. The results obtained are the following: 

  

(1) The compressive strength of the domestic DMM improved grounds (
ufq ) is about 85% of the 

compressive strength of the laboratory manufactured DMM samples (
ulq ), i.e. 

uluf qq / = 0.85. 

The Coefficient of variance (COV)  of 
ufq  was obtained as 0.34.  

 

(2) The bias factor of resistance of DMM improved ground is defined as the ratio of 
ufq versus the 

strength of the design standards (
uckq ). The bias factor and the COV of the resistance are 

calculated as 
R =1.36 and 

RCOV =0.35. 

 

(3) The results of goodness-of-fit test for the bias data of the resistance show that both the normal 

and lognormal distributions are satisfied the criteria. It seems that the lognormal distribution 

is more proper to the analysis of this study.  

 

(4) The reliability indices from the component reliability analysis for DMM treated soils are 

located in the range of 
e =2.12~20.25. They have large discrepancies depending on the 

failure modes. The dominant failure modes in the DMM treated soils are turned out to be 

compressive strength at the toe of the improved ground and the shear strength of the 

improved ground.  

 

(5) The range of the reliability indices obtained from the system reliability analyses is 

s =2.12~3.83 and is dominated by the dominant failure modes. The target reliability index is 

suggested as 
T =3.1 by averaging the reliability indices from the reliability analyses of the 

existing five field studies.  

 

(6) The resistance factors of the port and harbor structures improved by DMM were calculated 

from the load factors and the related statistical analysis. Within the calculated reliability range 

of the existing structures, i.e.
s = 2.122~3.830 and the range of the load ratio (

LD QQ / ) 

2.9~4.4, the resistance factors are obtained as  = 0.33~0.67. In the case of the target 

reliability index 
T = 3.1, the resistance index is calculated as  = 0.43~0.44. 

 

(7) It is expected that the suggested resistance factors would be useful for the geotechnical 

engineers to design the port and harbor structures on the DMM improved grounds which have 

large uncertainties of the random variables in load and resistance.  
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