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FINITE ELEMENT ANALYSES OF GEOSYNTHETIC-REINFORCED
SOIL GROUND UNDER SURCHARGE AND PROBABILISTIC
ESTIMATION OF THE BEARING CAPACITY

Chia-Nan Liu ', Wen-Wei Huang?, Yu-Hsien Ho?, and Bo-Hung Lin*

ABSTRACT

The soft stratum has always been a concern for embankment and pavement loadings. A widely accepted method to cope with
this problem is to use geosynthetics materials to reinforce the soft ground. The effect of geosynthetics on the deformation
characteristics of the reinforced soil layer, especially under a probabilistic framework, is of interest in this study. In this paper, the
finite element analysis was performed to identify the effect of key parameters, including soil properties, geosynthetics material
properties, depth and spacing of geosynthetics installation, on the surcharge-deformation characteristics of geosynthetic reinforced
soft ground. It is found that the application of stronger soil and geosynthetic material can reduce the probability of weak geosynthetic
reinforced foundation fails to meet the prerequisite settlement tolerance while the most important design parameter is the better
interaction between soil and geosynthetics. A series of numerical analyses of deformation of geosynthetics reinforced soft ground
were conducted. The analysis results were inventoried and regressed to establish a performance model in the form of second-order
model (SOM) equation. With the incorporation of developed simplified SOM equation and Monte-Carlo simulation, the bearing
capacity under certain soil and geosynthetic material properties for specified deformation criterion can be estimated.

Key words: Geosynthetics, soft ground, bearing capacity, second-order model equation, numerical analysis, Monte-Carlo simula-

tion.

1. INTRODUCTION

In western Taiwan, the soil stratum is usually composed of
thick layer of flooding deposition and fine soil weathered from
mudstone or laterite. Since high quality in-situ soils are not al-
ways available locally, most infrastructures are constructed on
weak subsurface strata. The presence of such soft strata often re-
sults in concerns about bearing capacity as well as settlements
for overlying structures. For example, Fig. 1 shows some cases
of excessive settlement, uneven surface, or cracks on connection
road, country road and city highway in western Taiwan. The en-
hancement of bearing capacity of the marginal soil is an im-
portant issue to improve the quality of structures constructed
over them.

The concept of reinforced soil as construction material was
first introduced in the 1960s (Vidal 1978). The merits of intro-
ducing of reinforcement into soil are based on the strength prop-
erties of the reinforcement, and the existence of soil-reinforce-
ment interaction due to tensile strength and frictional mecha-
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nisms. Since then, reinforcements have been widely used in ge-
otechnical engineering practice. Specifically, geosynthetics rein-
forcements are widely recognized as an effective, cost saving,
and durable reinforcements for various geotechnical related con-
structions (Horvath et al. 2011; Bouazza et al. 2013; Indraratna
et al. 2013; McWatters et al. 2016). Among them, improving
foundations on soft ground is one of the most important applica-
tions (Dash et al. 2013; Uttam et al. 2013). To increase the bear-
ing capacity and reduce settlement of a soft foundation, a layer
of geosynthetics is placed on the weak stratum and then covered
with granular fill. The use of geosynthetic reinforcement could
effectively confine the soil movement both above and below the
geosynthetic reinforcement and dissipate the concentrated load
to the soft ground.

A lot of researches have been conducted on the topics of
geosynthetics reinforced soft ground. For example, several ex-
periments (Binquiet and Lee 1975a; Guido 1986; Sakti and Das
1987; Mandal et al. 1992; Michalowski 2003; Huang 2007) and
numerical simulations (Boutrup et al. 1982; Yetimoglu et al.
1994; Bergado et al. 2002; Sawwaf 2009) have shown the posi-
tive effect of using geosynthetics to increase the soil’s bearing
capacity. In summary, experimental and numerical analyses have
been extensively conducted to verify this application, to under-
stand the mechanism, and to qualify and quantify the reinforcing
effect of bearing capacity of soft soil layers. However, a signifi-
cant deficit is found after a thorough review of these previous
studies. That is, most previous studies mainly focused on deter-
ministic analyses; there have been few studies on probabilistic
analyses especially in term of deformation characteristics of soft
ground surface under application of surcharge.
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(c) Connection road in industrial zone in Kaohsiung city

Fig. 1 Pictures of road settlement

The aim of this research is to perform a probabilistic analysis
of deformation characteristics of geosynthetics reinforced soil
layer. First, a numerical model of geosynthetic reinforced soil
ground is built and validated. A parametric analysis to identify im-
portant design parameters is conducted. A series of numerical
analysis cases involving changing of input values of parameters
and recording the system deformation responses are accomplished.
The second order method is then used to develop an approximate
equation for estimating the bearing capacity of soft ground with
reinforcement. This approximate equation is further advanced by
incorporating with Monte Carlo simulation analysis for probabil-
istic estimation of bearing capacity under certain settlement per-
formance criterion.

2. DEVELOPMENT AND VERIFICATION OF
PLAXIS NUMERICAL MODEL

In this paper, the finite element program PLAXIS (version 8)
was used to build the numerical model of geosynthetic reinforced
soil. PLAXIS is a versatile analysis tool in cooperating multiple
material properties and constitutive models to simulate geotech-
nical problems. It has been commonly used as the analysis tool for
verifying or evaluating the effect of geosynthetics on improving
soft foundation numerically (Bergado et al. 2002; Ling et al. 2003;
Howard et al. 2006; Sawwaf 2009).

Two-dimensional plane strain model was adopted to simulate
the performance of strip footing over reinforced soil. The model is
composed by one soft sand layer reinforced by multiple layers of
reinforcements. The model width is 3 m with roller boundary set
on sides while a fixed boundary was set at the bottom side. The
finite element geometry with boundary condition is shown in Fig.
2. The soil material is simulated by 15-node isotropic triangular
elements of linear elastic model with Mohr-Coulomb failure crite-
rion. This 15-node triangle is considered a very accurate element
that has produced high quality stress results for difficult problems
(Mutalik et al. 2016). The geosynthetics are simulated by two-
node membrane elements which allow for development of tension
but not for bending or compression. The contact interfaces which
allow for relative slip were set between the geosynthetic and the
soil material around it. The strip footing is regarded as rigid, so
applying surcharge on the footing is equal to applying uniform ver-
tical downward displacements at the nodes immediately under-
neath the footing (Yetimoglu ef al. 1994). The mesh coarseness
was set finer at the vicinity of pressure application. The model is
surcharged gradually until the strain at the footing reaches 30 mm.
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Fig.2 Illustration and finite element mesh of numerical model
of strip footing on geosynthetic-reinforced soil
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In the loading process, the footing settlement corresponding to the
surcharge was recorded until 10% of the footing width (s/B = 10%,
s is the footing settlement, B is the footing width) at the footing
center was taken as the ultimate bearing stress (Yoo 2001).

The suitability of the numerical models developed in this
analyses were examined by comparing with the analysis results re-
ported on three documents (Love et al. 1987; Patra et al. 2005;
Huang 2007). Huang (2007) used ABAQUS software to investi-
gate the effects of placing geosynthetics on the interface of sub-
grade aggregates of subgrade layer. This study rebuilt the numeri-
cal model by adopting the dimension, composition and material
properties presented in his research. The comparison between the
numerical simulation results of Huang (2007) and this study is
shown in Fig. 3. The comparison shows a similar trend but with
slight discrepancy. The discrepancy might be attributed to the dif-
ferent parameter values used between ABAQUS and PLAXIS. Pa-
tra et al. (2005) conducted a laboratory model test of geosynthetic
reinforced sand under surcharge. The test was in plane strain con-
dition with specimen width of 0.365 m and height of 0.7 m. The
parameters provided on this paper were input into the numerical
model developed in this analysis. The comparisons between nu-
merical simulation results and test measurements are shown in Fig.
4. The comparison indicates the laboratory test results can be nu-
merically simulated closely as long as accurate parameter values
were input. Love ef al. (1987) conducted experimental and analyt-
ical solutions on unreinforced and reinforced soil foundation. The
effectiveness of geogrid reinforcement (Polypropylene), placed at
the base of a layer of granular fill on the surface of soft clay, has
been studied by small-scale model tests (width and height are 50
cm X 45 c¢m) in the laboratory. They also provided analytical re-
sults of these experiments. The comparison between these results
and PLAXIS simulation results is shown in Fig. 5. It shows these
results match pretty well, except for the large deformation stage.
This inconsistence might be attributed to the linear elastic model
is set for reinforcement and for soil material, and the creep effect
is not considered in the PLAXIS model developed in this study.
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Fig. 4 Comparison between model simulation results obtained
in this study and experimental results obtained by Patra
et al. (2005)
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Fig. 5 Comparison between model simulation results obtained
in this study, analytic and experimental results obtained
by Love et al. (1987)

In general, the PLAXIS model simulates the laboratory model
test or other numerical model satisfactorily on the premise of ac-
curate constitutive models and input parameters of materials.
These favorable comparisons verify the numerical model devel-
oped in this study is suitable for the successive simulation of geo-
synthetic reinforced soils under surcharge

3. PARAMETRIC ANALYSES

Because of the wide variety of soil types, geosynthetic types,
and geosynthetics layout conditions, laboratory model and field
tests are limited. With the aid of numerical simulations, it is now
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possible to investigate the mechanical behavior of geosynthetic re-
inforced weak foundation under variety combination of geometry,
layout, materials and surcharging conditions.

The following parameters: Young’s modulus of soil (£), co-
hesion of soil (¢), friction angle of soil (¢), interface coefficient be-
tween geosynthetics and soil (/N), tensile stiffness of geosynthetics
(Ev), layers of geosynthetics (7), normalized depth of placement
(u/B), normalized interval between geosynthetic layers (4/B) are
treated as important to the mechanical behavior of geosynthetic re-
inforced soft foundation. They are selected as variables composing
the numerical model. Based on the investigation by Institute of
Transportation (IOT), Ministry of Transportation and Communica-
tions (MOTC) in Taiwan, the definition of soft soil is SPT-N =10
for silty sand, which is commonly encountered in sediment region
in western Taiwan. Therefore, the silty sand of small SPT-N (< 10)
is used as the soil material in the numerical model. Wang (2001)
collected a lot of test data in Taiwan and correlated the empirical
formula between modulus (E) of silty sand and SPT-N is E =
650.72 (kN/m?). The friction angle (¢) of sand is obtained from the
famous empirical formula (¢ = 27 + 0.3 N) proposed by Peck
(1953). In most cases, geogrid or geotextile reinforcements are the
one selected for soil reinforcement. A wide range between 625 and
2500 kN/m was set as the stiffness of geosynthetic because it varies
depending on the thickness and materials. Liu et al. (2009) con-
ducted large scale direct shear test on geosynthetic and soil inter-
face and found the coefficient of interface friction ranges between
0.7 and 1.05, also dependent on the type of soil and geosynthetics.
In this study, 0.6 ~ 1.0 was set as the interface coefficient. These
values associated with the configuration of the numerical model to
perform parametric study for identifying parameter effect on rein-
forced soil layers are listed in Table 1.

For each numerical simulation, the footing settlement during
surcharging process was recorded. Figure 6 presents the footing
settlement behaviors of unreinforced SPT-N = 10 soil and geosyn-
thetic reinforced soils. It shows the unreinforced soil reaches its
ultimate bearing capacity as footing settlement is small, about 30
mm, while reinforced soil is more ductile. The inclusion of geo-
synthetics also improves the bearing capacity. The improvement
effect is more significant for more layers and stiffer geosynthertic
placed in soil. In this study, an index, BCR, is defined as the ratio
of the bearing capacity of reinforced soil to unreinforced soil cor-
responding to footing settlement of 30 mm, which is 10 % of foot-
ing width, Through the BCR, the effect of geosynthetic reinforce-
ment of bearing capacity can be examined.

Table 1 Parameters of numerical analysis

Parameters Range Unit

Cohesion of soil, ¢ 0.5(SPT-N =4, 7, 10) kPa

28.2(SPT-N =4), 29.1(SPT-N = 7),

Friction angle, ¢ 30.0(SPT-N = 10) Degree
Possion ratio, v 0.3 -
Young’s modulus of soil, E 2656(SPT-N = 4), 4650(SPT-N =7), kPa

6640(SPT-N = 10)

Unit weight of soil, Y, 19.5 kN/m’

Interface coefficient, IN 0.6,0.8,1.0 —
Layers of geosynthetics, n 1,2,3,5 layer
Stiffness of geosynthetics, E, 625, 1250, 2500 kN/m
Ratio of depth, u/B 0.25,0.5,1.0 —
Ratio of layer interval, #/B 0.25,0.5,1.0 -
Ratio of settlement, A/B 10 %
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Fig. 6 Applied pressure versus footing settlement for different
stiffness and layers of geosynthetics (SPT-N = 10, u/B =
0.25, h/B=0.25,IN=1)

Some laboratory model tests (Mandal et al. 1992;
Ramaswamy and Purushothaman 1992; Adams and Collin 1997)
and numerical simulation (Yetimoglu et al. 1994) of the geosyn-
thetic reinforced soil layer reach the conclusion that the effect of
bearing capacity increase is less significant as reinforcement is
placed deeper than the optimum depth. It is noted that the sug-
gested optimum depth, in general between 0.175 ~ 0.5 u/B, is dif-
ferent on different research. For example, Ramaswamy and
Purushothaman (1992) conducted laboratory test on cohesive soil
indicated that the optimal depth for placing geogrid is 0.5 u/B.
Mandal et al. (1992) conducted similar test on clay and concluded
that the bearing capacity is maximum corresponding to reinforce-
ment was placed at 0.175 «/B. Adams and Collin (1997) ran large-
scale reinforced sandbox test and found that when 3 layers of ge-
ogrid were placed, bearing capacity increased the most as they
were placed at the depth of 0.25 u/B. Yetimoglu et al. (1994) per-
formed FEM analysis on reinforced sand layer and found the opti-
mal depths for placing 1 and 3 layers reinforcement were 0.3, and
0.25 u/B, respectively. Figure 7 shows how the BCR increases
with a smaller #/B. In general, the analysis results are consistent
with the previous researches that the geosynthetic reinforcement
effect is more significant as geosynthetic placed in shallower depth.
The optimal depth for placing different layers of geogrid of differ-
ent stiffness is smaller than 0.5 u/B. The interaction between soil
and geosynthetic is an important factor to the geosynthetic rein-
forcement. The BCR increases with a larger interface coefficient

(Fig. 8).

4. DEVELOPING BEARING CAPACITY
FUNCTION USING SECOND-ORDER MODEL

A series of numerical experiment was conducted to produce
a comprehensive database containing bearing capacity (depend-
ent) corresponding to different combinations of design parameters
of reinforced soft silty sand. In the experiment, the SPT-N value for
the weak silty soil is set as 4, 7, and 10, respectively. The mechanical
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properties (£ and ¢) corresponding to SPT-N value follow Wang
(2001) and Peck (1953). The parameter and its value applied in the
experiments are listed in Table 2. In total, an experiment set consist-
ing of 810 simulations by varying design parameters is conducted.
The combination of parameter values covers wide range of material
properties and configuration could be encountered in a general geo-
synthetic reinforced soft silty sand. The dependent variable of the
dataset is expressed in a form as y = In(g/E) where ¢ is the bearing
capacity corresponding to 30 mm footing settlement, which is equiv-
alent to 10% of footing width, considered as the limitation of footing
serviceability. The independent were the design parameters H, B, c,
0, E, Ei,u, h,d, n, A, and IN as shown in Table 2.

Table 2 Range of parameters for SOM equation

Parameters Range Unit
Footing width, B 0.3 m
Cohesion of soil, ¢ 0.5 kPa
Young’s modulus of soil, £ 2656, 4650, 6640 kPa
Height of model, H 3 m
Friction of soil, ¢ 28.2,29.1, 30.0 Degree

0.075, 0.15, 0.225, 0.3,
0.375,0.45,0.6,0.675,| m
0.75,0.9, 1.275
625, 1250, 2500 kN/m
0,0.075,0.15,0.3 m

Depth of reinforcement placement, d

Elastic modulus of geosynthetics, E,
Thickness between layers, /

Interface between soil and geosynthetics, IN 0.6,0.8, 1.0 —
Number of reinforcement, n 1,2,5 -
Thickness of top layer, u 0.075,0.15,0.3 m
Displacement, A 0.03 m

The experiment results were analyzed by non-linear multiple
regression function, follow response surface methodology rule.
This approximte equation is called the Second-Order Model
(SOM). There are several reasons used in SOM equation from re-
sponse surface in this study. First, the second-order model is flex-
ible, and the results can approximate the true response surface well.
Second, it is easy to estimate the parameters using the least squares
method. Third, there is considerable application in geotechnical
problems indicating that approach performs well in solving real
problems (e.g. Babu et al. 2007; Youssef et al. 2008; Wu et al.
2013). The SOM equation is derived by regressing the dependent
and design parameters in the database. The SOM equation were in
the form as:

{C}=[4]x{B} +¢ (1a)
(C =]n(%) (1b)

where {C} is the dimensionless independent matrix In(g/E), while
[4] is the independent parameter matrix and {B} is the multiple
regression coefficient corresponding to independent parameters
[4]. As learned from the parametric analysis results (Figs. 6 to 8)
that the bearing capacity of a geosynthetic reinforced soft soil is a
non-linear response to design parameters, different forms of [A4]
has been tested for the best regression results. The analysis results
reveal that [4] is composed of the following terms fits best. This
SOM equation model assumes that the ¢ is uncorrelated random
variables.

The SOM equation is full quadratic specification with six var-
iables (x1 to xs) based on the 810 numerical simulation results, as
proposed in Eq. (2):

x, =In (nXIN) (2a)
h
X3 :E (2b)
%, =In (%j o)
x,=In (Mj 2d)
dxc
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X5 = n(E’an (2e)

H
Xe = ln (7)

y=Bo+Brx;+Bx; +B3x; +B4 x4 +Ps x5 +P6 X6
+Byxi +Bgx: +Box3 +Bio x5 +Byy x5 +Byy x5
+ B3 x g + By xy x5 +Bis xy x4 + B X1 X5+ Py Xy X6
+B1s Xy X3+ PBro xp x4 +Bog X3 x5 + By Xy X6
+ P2y X34 + Pz X3 x5 +Poy x5 x6
+Bos x4 x5 +Bog X4 xg

+By; x5x6+€

,.\
N
N

(22)
The numerical result of equation coefficient values calculated
from regression analysis are presented in Table 3.
The result of proposed bearing capacity are presented in Fig.
9, which shows the good match between the calculated bearing ca-
pacity from PLAXIS and predicted bearing capacity from SOM
equation, the mean is one. It is noted that error term ¢, called the
model uncertainty must be considered into the SOM equations to
modify predict accurate. The model uncertainty (€), refers to the
variance between SOM equation prediction and numerical simu-
lation result. The analysis results indicate that there is no bias be-
tween the SOM equation prediction and numerical simulation re-
sults while the estimated coefficient of variation (i.e., the model
uncertainty, €), is 0.13.

Table 3 Coefficients of SOM equation in soft sand

Statistical parameters Coefficient Parameters

Bo 10.02689 1

B, 0.119428 X,
B, 1.172170 X,
Bs 2.871991 X;
Bs 0.539036 Xu
Bs —0.53100 Xs
Bs 1.382430 Xo
B, 0.23489 Xix X,
By 0.44655 Xy x X,
By 0.49127 Xix Xy
By —0.45446 XX Xs
B 0.42583 X x Xg
B 0.08822 Xox X3
Bis 0.04348 Xox Xy
Bia —0.04835 XoX Xs
615 —0.07052 XoX Xg
Bis 0.18972 XX Xa
Bi7 —0.17011 X3 X Xs
Bis 0.08706 X3 X Xs
Bio —0.18342 Xax Xs
Bao 0.11603 XaX Xs
Bz] —0.08911 XsX Xg
Ba» 0.61621 X2
Bas —0.25545 X?
B4 0.17382 X2
Bas 0.09026 X2
Bas 0.08122 X5
B2y —0.19962 X
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Fig. 9 Numerical results versus SOM equation prediction

5. PROBABILISTIC ANALYSIS OF BEARING
CAPACITY OF GEOSYNTHETICS
REINFORCED SOFT SOIL

The prediction of the bearing capacity of soft silty sand can
be made deterministically from Eq. (2) using best estimates of the
input parameter values. However, the limitation of this determin-
istic value is that it does not contain a quantitative estimate of the
uncertainty in this prediction. The sources of uncertainty are from
the choice of parameter value. Among them, the soil properties and
geosyntetic stiffness are the most common ones. Numerous re-
searches (Haldar and Tang 1979; Popescu 1995; Popescu et al.
1996; Lacasse and Nadim 1996; Popescu 1997; Fenton 1999) have
worked on identifying these uncertainties. The uncertainty in the
SOM equation is accounted for by considering the uncertainties of
parameters in it. The attributes and statistical properties including
distribution type and magnitude of coefficient of variance of these
parameters as summarized in Table 4, refer to the publications in-
cluding Phoon and Kulhawy 1999; Duncan 2000; Walters et al.
2002; Chen et al. 2005; Huang and Bathurst 2009. It is worth not-
ing that the advanced statistical characteristics of soil properties
including random field concept and inter-correlation among soil
parameters are not considered in this research.

Table 4 Statistical properties of parameter for base case

Parameters Distribution type Mean value v;?:g;fllfgooé)
E Lognormal 4656 kN/m? 0.2
IN Normal 0.8 0.2
[0) Normal 29.1° 0.07
E, Lognormal 1250 kN/m 0.1
c Normal 0.5 kPa 0.2
n Deterministic 2 -

B Deterministic 0.3 m -
u Deterministic 0.075 m -
d Deterministic 0.15m -
A Deterministic 0.03 m -
h Deterministic 0.075 m -
H Deterministic 3m -
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These variables which exist in the SOM equation are treated as
random variables in the subsequent study under probabilistic frame-
work. Probabilistic estimates of the bearing capacity can be carried
out using Monte Carlo simulation which involves substituting val-
ues sampled from a probability distribution for each input parameter
that has inherent uncertainty into SOM equation. Note that the SOM
equation has a simple form which can be calculated with spreadsheet
or by computer program, the Monte Carlo simulation with multiple
realizations can be manipulated easily.

The histogram of 100,000 simulations of bearing capacity of
base-case (Table 4) is shown in Fig. 10. It can be fitted with a proba-
bility density function (PDF) of lognormal distribution. The lognor-
mal PDF fits the histogram of raw data well. The characteristic pa-
rameters (shape and scale parameters) A and { for this lognormal dis-
tribution can be calculated by the following equations:

=13 log(q/ ) ()
n

n—1 (3b)

o \/Z llog(q/ E), —AJ?

where 7 is the number of realizations. For the base-case distribu-
tion, A and { were 3.36 and 0.20, respectively.

7000
P = 100 kPa) = 0.76%
oug | Fr{us™ 100 kP2)
I
|
5000 :
|
| _ _
2 400 ] } P.(q,, =200 kPa)=86.18%
2 [
= |
2 3000 1 !
Bl |
|
|
2000 i q,, = 300 kPa) = 99.85%
|
|
1000 |
0 T ' o -
0 1 2 3 4 5 6 7 8 9 10
Normalized maximum bearing capacity, q_, /E (%)
100 e ‘
P,(q,,= 300 kPa) = 99.85% ‘
I
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ I
go | Pi4,,= 200 kPa) = 86.18% }
= I
= I
= I
= ¥ I
E 60 | /‘q“ﬁ: =3, |
2 =020 ‘
¢ . :
a I I
2 | i
& I }
= | |
E I I
= | |
Q | |
20 I I
I I
| |
I
P(q = 100 kPg) = 0.76% | |
L e o T ey e T T
0 1 2 3 4 5 6 ¥ 8 9 10

Normalized maximum bearing capacity, q__/E (%)

max

Fig. 10 Frequency and cumulative probability function based on
SOM equation prediction and 100,000 MC simulations
using base case

For a soft foundation under the applied surcharge, the proba-
bility that applied surcharge (gapplica) €xceeds bearing capacity (g)
corresponding to certain prerequisite performance condition can
be calculated according to the probability distribution transfor-
mation of lognormal density function:

A log ( Lumicd ) _ %
PKEJ < (—q*‘”"”‘i H —® ol @
E E G

where P[(g/E) < (qappiicd/ E)] is the probability of its argument while
lOg ( 4 applied ) _ 7\1

E

S

D

is the standard normal cumulative distribu-

tion function. For example, there is a reinforced soft foundation
has the same configuration and material properties as the base
case. If this foundation is surcharged by 100 kPa, as shown in
Fig. 10, indicating a large probability that the applied surcharge
is smaller than the bearing capacity of this soil. The probability
can be calculated by using Eq. (4), which is equal to 0.76%. If
the applied surcharge increases to 200 kPa or even 300 kPa, one
can easily observe that the exceeding probability increasing dra-
matically (Fig. 10). The failure probabilities for applying 200
and 300 kPa surcharge are 86.1% and 99.85%. respectively.

It is of interest in investigating the relative significance of dif-
ferent design parameters on the probabilistic characteristics of
bearing capacity. To achieve the parametric analysis, the process
of conducting 100,000 realizations of Monte Carlo Simulation for
base-case is similarly performed for 8 cases. In each case, one pa-
rameter is changed from the base-case value. These cases are be-
lieved to be sufficient to demonstrate the main features of the in-
fluence of important parameters (E, ¢, E;, and /N) on bearing ca-
pacity of reinforced soft soil. For each case, the obtained histogram
can be well fitted with lognormal distribution function and they
are statistically analyzed to calculate the shape and scale parame-
ters for best fitted lognormal distribution (Figs. 11). The analysis
results along with failure probabilities for applying 100, 200, and
300 kPa surcharge are presented in Table 5 for reference. It shows
that for all cases, there is a significant increase of failure probabil-
ity with an increase in surcharge magnitude. As expected, the par-
ametric study reveal that a stronger soil (£ and ¢, cases 1 ~ 4) re-
duces the failure probability. It demonstrates the importance of
compaction of backfill soil in controlling the settlement of rein-
forced soft ground. The use of a stronger geosynthetic reinforce-
ment (Ey, cases 5, 6) reduce the failure probability, too. For the soil
which is reinforced by stiffer material or is placed by more layers
of reinforcement, it is more resistant to the occurrence of lateral
deformation, thus the settlement. It is found that the failure proba-
bility decreases with an increase of interaction between soil and
geosynthetic (IN, cases 7, 8), and the improvement is significant
than the selection of stronger soil or stiffer geosynthetics. The in-
teraction between soil and geosynthetic is a key factor for the en-
gineering properties of soil/geosynthetic composite. Many re-
searchers have been conducted through laboratory analyses (for
example, Liu et al. (2009) used direct shear test, Ezzein and Bath-
urst (2014) used pull-out test, Liu et al. (2014) used large scale
plane strain compression test) to evaluate the contribution of
interaction on improving the soil/geosynthetic composite. The
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Table 5 Parameters impact on probability of failure under
different surcharges

Variable Probability of failure
Case
changed Gapplica = 100 kPa | Gappiica = 200 kPa| goppiica = 300 kPa
Base-Case — 0.76% 86.18% 99.85%

Case 1 | E=2.66 MPa 2.91% 90.39% 99.91%
Case2 | E=6.64 MPa 0.14% 78.60% 99.75%
Case 3 ¢ =28.2° 1.49% 91.01% 99.94%
Case 4 0 =30° 0.37% 79.97% 99.72%
Case 5 | E,=625kN/m 1.06% 88.64% 99.90%
Case 6 |E,=2500 kN/m 0.69% 84.90% 99.83%
Case 7 IN=0.6 44.22% 99.93% 100.00%
Case 8 IN=1 0.00% 9.56% 76.40%

interaction coefficient may range between 0.6 and 1.0 for different
geosynthetic material against different soil (Liu et al. 2009). The
selection of appropriate geosynthetic material by conducting
proper interaction test is very important for the bearing capacity of
soft ground.

These findings are reiterated in Fig. 12. It shows the failure
probability does not change much corresponding to wide range of
E and E,, while it changes obviously with surcharges. The failure
probability can increased from negligible to more than 80% as sur-
charge increases from 100 to 200 kPa. Another merit of Fig. 12 is
that the analysis results described a performance-based design
framework. For example, when gapplica set on 200 kPa and E (elastic
modulus of soil) is ranged between 2,000 kPa and 7,000 kPa. The
probability of failure under different stiffness of geosynthetics can
be easily checked on the plot. The reliability based design for bear-
ing capacity of geosynthetics reinforced soft soil based on SOM
equation is feasible.

Qo= 250 kPa
100 ~ Il 4 Il ;&MJ — -
~ 80 1 -
S5
w
—
=
E 60 -
[
=)
2
=
< 40 o -
S E,= 625 kKN/m
6: === B2 1250 kN/m|
E, = 2500 kN/m
20 | — -
Gy~ 100 kPa
O T T 1 - i
2000 3000 4000 5000 6000 7000
E (kPa)

Fig. 12 Probability of failure under different combination of ten-
sile stiffness of geosynthetics, elastic modulus of soil, and
surcharges

6. CONCLUSIONS

The application of geosynthetics to reinforce geotechnical
structures has been progressively improved by developments in
material manufacture, design methods, and construction methods.
The design and analysis of geosynthetic reinforced soft soil are
mostly based on deterministic values of material properties. How-
ever, the recent trend is to conduct probabilistic design and analy-
sis. Meanwhile, the consideration on performance of constructed
facilities has increased in parallel with the advent of technology.

This research exemplifies how the probabilistic analysis of
serviceability criteria may be achieved in geosynthetic reinforced
soft soil. In this study, a numerical model for simulating bearing
capacity of reinforced soft soil is developed and validated by sim-
ulating the behavior of reinforced foundation. A set of numerical
experiments is conducted to generate a comprehensive database of
bearing capacity using different combination of design parameters.

The experiment results were analyzed by using Second-Order
Model (SOM), a non-linear multiple regression function. Com-
pared with numerical analysis, the suggested SOM equation is an
easy and accurate tool to estimate the probabilistic characteristic
of a geosynthetic reinforced foundation. With the application of
Monte Carlo simulation technique, the probabilistic distribution of
bearing capacity was achieved. The obtained probabilistic distri-
bution can be well fitted as a lognormal distribution. The exceed-
ing probability of geosynthetic reinforced foundation under de-
fined serviceability criterion can be estimated from the histogram.
This study also performed parametric analysis to identify the im-
portant parameters affecting the failure probability of geosynthetic
reinforced soft ground under surcharge. It is found that the bearing
capacity is benefited from using a stronger soil and geosynthetics
while the very significant factor is the interaction between soil and
geosynthetic materials. Moreover, the reliability based design of
geosynthetic reinforced foundation for any other applied of custom
surcharge and material property such as tensile stiffness of rein-
forcement, bearing capacity or Young’s modulus of soil on the cri-
terion of bearing capacity is also feasible using the methodology
presented here.
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NOTATIONS

Basic SI units are given in parenthesis.
[A] The independent parameter matrix

{B} The regression coefficient
B Footing width (m)
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{C} The dimensionless independent matrix

c Cohesion of soil (Pa)
COV  Coefficient of variation
d Depth of reinforcement placement (m)

E Young’s modulus of soil (Pa)

E; Tensile stiffness of reinforcement (kN/m)
Model height (m)
h Thickness between layers (m)

IN Interface between soil and geosynthetics

L Length of reinforcement (m)
M Model uncertainty
n Layers of reinforcement

Py Failure probabilities
Bearing capacity

s Footing settlement
u Thickness of top layer
Bo...27  Statistical parameters coefficients

A Settlement (m)

€ Model uncertainty of PLAXIS and Equation
0 Friction angle of soil (°)
o

The standard normal cumulative distribution

Vs Unit weight of soil (kN/m?)

A Shape parameters

v Poisson’s ratio

€ Scale parameters
REFERENCES

Babu, S.G.L. and Srivastava, A. (2007). “Reliability analysis of
allowable pressure on shallow foundation using response sur-
face method.” Computers and Geotechnics, 34(3), 187-194.
https://doi.org/10.1016/j.compgeo.2006.11.002

Adams, M.T. and Collin, J.G. (1997). “Large model spread footing
load tests on geosynthetic reinforced soil foundations.” Jour-
nal of Geotechnical and Geoenvironmental Engineering,
ASCE, 123(1) 66-72.
https://doi.org/10.1061/(ASCE)1090-0241(1997)123:1(66)

Bergado, D.T., Long, P.V., Lee, B.R., and Srinivasa, M. (2002).
“A case study of geotextile-reinforced embankment on soft
ground.” Geotextiles and Geomembranes, 20, 343-365.
https://doi.org/10.1016/S0266-1144(02)00032-8

Binquiet, J. and Lee, K.L. (1975). “Bearing capacity tests on rein-
forced earth slabs.” Journal of Geotechnical Engineering Di-
vision, ASCE, 101(GT12), 1241-1255.
https://doi.org/10.1061/AJGEB6.0000219

Bouazza, A., Zornberg, J., McCartney, J.S., and Singh, R.M.
(2013). “Unsaturated geotechnics applied to geoenvironmen-
tal engineering problems involving geosynthetics.” Engineer-
ing Geology, 106, 143-153.
https://doi.org/10.1016/j.enggeo0.2012.11.018

Boutrup, E. and Holtz, R.D. (1982). Fabric Reinforced Embank-
ments Constructed on Weak Foundations, Report No.
FHWA/IN/JHRP-82/21, Joint Highway Research Project,

School of Civil Engineering, Purdue University, W. Lafayette.

https://doi.org/10.5703/1288284314058

Chen, L.H., Chen, Z.Y., and Liu, J.M. (2005). “Probability distri-
bution of soil strength.” Rock and Soil Mechanics, 26, 37-40.

Dash, S.K. and Bora, M.C. (2013). “Influence of geosynthetic en-
casement on the performance of stone columns floating in soft
clay.” Canadian Geotechnical Journal, 50, 754-765.
https://doi.org/10.1139/cgj-2012-0437

Duncan, J.M. (2000), “Factors of safety and reliability in geotech-
nical engineering.” Journal of Geotechnical and Geoenviron-
mental Engineering, ASCE, 126, 307-316.
https://doi.org/10.1061/(ASCE)1090-0241(2000)126:4(307)

Ezzein, F.M. and Bathurst, R.J. (2014). “A new approach to eval-
uate soil-geosynthetic interaction using a novel pullout test
apparatus and transparent granular soil.” Geotextiles and Ge-
omembranes, 42(3), 246-255.
https://doi.org/10.1016/j.geotexmem.2014.04.003

Fenton, G.A. (1999). “Random field modeling of CPT data.” Jour-
nal of Geotechnical and Geoenvironmental Engineering,
ASCE, 125(6), 486-498.
https://doi.org/10.1061/(ASCE)1090-0241(2000)126:12(1212)

Guido, V.A., Chang, D.K., and Sweeny, M.A. (1986). “Compari-
son of geogrid and geotextile reinforced slabs.” Canadian Ge-
otechnical Journal, 20, 435-440.
https://doi.org/10.1139/t86-073

Haldar, A.M. and Tang, W.H. (1979). “Probabilistic evaluation of
liquefaction potential.” Journal of the Geotechnical Engi-
neering Division, ASCE, 105(2), 145-163.
https://doi.org/10.1061/AJGEB6.0000765

Howard, I.L. and Kimberly, W. (2006). “Finite element modeling
approach for flexible pavements with geosynthetics.” Geo-
Congress, 1-6. https://doi.org/10.1061/40803(187)234

Horvath, J.S. and Colasanti, R.J. (2011). “New hybrid subgrade
model for soil-structure interaction analysis: foundation and
geosynthetics applications.” ASCE, Geo-Institute/[FAI/
GMA/NAGS, USA.
https://doi.org/10.1061/41165(397)446

Huang, B. and Bathurst, R.J. (2009). “Evaluation of soil-geogrid
pullout models using a statistical approach.” Geotechnical
Testing Journal, 32(6), 102460.
https://doi.org/10.1520/GTJ102460

Huang, W.C. (2007). Numerical Modeling and Probabilistic Anal-
ysis of Subgrade Improvement Using Geosynthetic Reinforce-
ment. Ph.D. Dissertation, School of Civil Engineering, Pur-
due University, USA.
https://www.proquest.com/docview/304823239

Indraratna, B. and Nimbalkar, S. (2013). “Stress-strain degrada-
tion response of railway ballast stabilized with geosynthetics.”
Journal of Geotechnical and Geoenvironmental Engineering,
ASCE, 139(5), 684-700.
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000758

Lacasse, S. and Nadim, F. (1996). “Uncertainties in characterizing
soil properties,” Proceedings of the ASCE GED Spec. Con-
ference on Uncertainty in the Geologic Environment: From
Theory to Practice, Madison, Wisconsin, 49-75.
http://pascal-francis.inist.fr/vibad/index.php?action=
getRecordDetail&idt=2167814

Ling, H.I. and Liu, H. (2003). “Finite element studies of asphalt
concrete pavement reinforced with geogrid.” Journal of En-
gineering Mechanics, ASCE, 129(7), 801-811.
https://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-
9399(2003)129:7(801)

Love, J.P., Burd, H.J., Milligan, G.W.E., and Houlsby, G.T.
(1987). “Analytical and model studies of reinforcement of a
layer of granular fill on a soft clay subgrade.” Canadian Ge-
otechnical Journal, 24, 611-622.




Liu et al.: Finite element analyses of geosynthetic-reinforced soil ground under surcharge and probabilistic estimation of the bearing capacity 109

https://doi.org/10.1139/t87-075

Liu, C.N., Ho, Y.H., and Huang, J.W. (2009). “Large scale direct
shear tests of soil/PET-yarn geogrid interfaces.” Geotextiles
and Geomembranes, 27(1), 19-30.
https://doi.org/10.1016/j.geotexmem.2008.03.002

Liu, C.N., Yang, K.H., and Nguyen, M.D. (2014). “Behavior of
geogrid-reinforced sand and effect of reinforcement anchor-
age in large-scale plane strain compression.” Geotextiles and
Geomembranes, 42(5), 479-493. 300
https://doi.org/10.1016/j.geotexmem.2014.07.007

Mandal, J.N. and Sah, H.S. (1992). “Bearing capacity tests on ge-
ogrid-reinforced clay.” Geotextiles and Geomembranes,
11(3), 327-333.
https://doi.org/10.1016/0266-1144(92)90007-W

McWatters, R.S., Rowe, R.K., Wilkins, D., Spedding, T., Jones,
D., Wise, L., Mets, J., Terry, D., Hince, G., Gates, W.bP.,
Battista, V., Shoaib, M., Bouazza, A., and Snape, C.1. (2016).
“Geosynthetics in antarctica: Performance of a composite
barrier system to contain hydrocarbon-contaminated soil after
three years in the field.” Geotextiles and Geomembranes, 34,
1-13. https://doi.org/10.1016/j.geotexmem.2016.06.001

Michalowski, R.L. and Lei, S. (2003). “Deformation patterns of
reinforced foundation sand at failure.” Journal of Geotech-
nical and Geoenvironmental Engineering, ASCE, 129, 440-
449.
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:6(439)

Mutalik, D. and Vidyasagar, M. (2016). “Study of interference of
strip footing using PLAXIS-2D.” International Advanced Re-
search Journal in Science, Engineering and Technology, 3(9),
13-17.
https://iarjset.com/upload/2016/september-16/IARJSET%203.pdf

Patra, C.R., Das, B.M., and Atalar, C. (2005). “Bearing capacity
of embedded strip foundation on geogrid-reinforced sand.”
Geotextiles and Geomembranes, 23(5), 454-462.
https://doi.org/10.1016/j.geotexmem.2005.02.001

Phoon, K.K. and Kulhawy, F.H. (1999). ”Evaluation of geotech-
nical property variability.” Canadian Geotechnical Journal,
36(4), 625-639. https://doi.org/10.1139/t99-039

PLAXIS, B.V. (2005). “Plaxis 2D-Version 8 manual.” Balkema,
Rotterfam, The Netherlands.
https://www.civil.iitb.ac.in/~ajuneja/Plaxis%20pro-
gram/Version%208%?20Introductory/Manuals/English/V84-
3_Reference.pdf

Popescu, R. (1995). “Stochastic variability of soil properties: Data
analysis, digital simulation, effects on system behavior.”
Ph.D. Thesis, Princeton University, Princeton, NJ.
https://www.proquest.com/docview/3042111867pg-
origsite=gscholar&fromopenview=true

Popescu, R., Prevost, J.H., and Deodatis, G. (1996). “Influence of
spatial variability of soil properties on seismically induced
soil liquefaction.” Uncertainty in the Geological Environ-
ment: From Theory to Practice, Madison, Wisconsin, 1098-
1112.
https://collaborate.princeton.edu/en/publications/influence-
of-spatial-variability-of-soil-properties-on-seismicall

Popescu, R., Prevost, J.H., and Deodatis, G. (1997). “Effects of

spatial variability on soil liquefaction: some design recom-
mendations.” Géotechnique, 47(5), 1019-1036.
https://doi.org/10.1680/geot.1997.47.5.1019

Ramaswamy, S.D. and Puroshothama, P. (1992). “Model footings
of geogrid reinforced clay.” Proceedings of the Indian Ge-
otechnical Conference on Geotechnique Today, 1, 183-186.
http://worldcat.org/identities/lccn-n81080179/

Sakti, J. and Das, B.M. (1987). “Model tests for strip foundation
on clay reinforced with geotextile layers.” Transportation Re-
search Record No. 1153, National Academy of Sciences,
Washington, D.C., 40-45. https://trid.trb.org/view/289088

Sawwaf, M.A. (2009). “Behavior of strip footing on geogrid-rein-
forced sand over a soft clay slope.” Journal of Geotechnical
and Geoenvironmental Engineering, 135, 399-405.
https://doi.org/10.1016/j.geotexmem.2006.06.001

Uttam, K., Tandel, Y.K., and Solanki, C.H. (2013). “Effect of ge-
osynthetic encasement on sand column in soft soil.” Interna-
tional Journal of Structural and Civil Engineering Research,
2(3), 141-14e.
http://www.ijscer.com/upload-
file/2015/0429/20150429075524924.pdf

Vidal, H. (1978). “The development and future of reinforced earth.”
Symposium on Earth Reinforcement, ASCE Annual Conven-
tion, Pittsburgh, PA. Amazon.com : Kalki: Vidal, Gore,
George H. Jones: Books

Walters, D., Allen, T.M., and Bathurst, R.J. (2002). “Conversion
of geosynthetic strain to load using reinforcement stiffness.”
Geosynthetics International, 9(5-6), 483-523.
https://doi.org/10.1680/gein.9.0226

Wang, C.C., Jan, S.S., and Wang, G.S. (2001). “A study of soil
parameters along red line of Kaohsiung MRT.” Proceedings
of 9th Conference on Current Researches in Geotechnical
Engineering, Shihman Reservoir, Taoyuan, Taiwan, A031-
1~A031-8. http://140.118.105.174/jge/index.php

Wu, S., Ching, J., and Ou, C. (2013). “Predicting wall displace-
ments for excavations with cross walls in soft clay.” Journal
of Geotechnical and Geoenvironmental Engineering, ASCE,
139(11), 1444-1454.
https://ascelibrary.org/doi/abs/10.1061/%28 ASCE%29GT.
1943-5606.0000826

Yetimoglu, T., Wu, J.T.H., and Saglamer, A. (1994). “Bearing Ca-
pacity of Rectangular Footings on Geogrid-Reinforced Sand.”
Journal of Geotechnical Engineering, ASCE, 120(12), 2083-
2099.
https://ascelibrary.org/doi/abs/10.1061/%28 ASCE%290733-
9410%281994%29120%3A12%282083%29

Yoo, C. (2001). “Laboratory investigation of bearing capacity be-
havior of strip footing on geogrid-reinforced sand slope.” Ge-
otextiles and Geomembranes, 19(5), 279-298.
https://doi.org/10.1016/S0266-1144(01)00009-7

Youssef, A., Massih, D., and Soubra, A. (2008). “Reliability-based
analysis of strip footings using response surface methodol-
ogy.” Journal of Geotechnical and Geoenvironmental Engi-
neering, ASCE, 134, 134-143.
https://ascelibrary.org/doi/abs/10.1061/%28 ASCE%291532-
3641%282008%298%3A2%28134%29








<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


