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PAPER INFO ABSTRACT

Pape_zr history: In conventional analyzes of foundations failure, strepgfameters are assumed constant. However,
Received16 July2022 during the failure, soil resistance exhibits maximum and residual amounts, and its strength decreases
Received in revised formL5 October2022 prematurely by increasing the plastic strain. In addition to ehaog strengh parameters in the

Accepted23 October2022 progressive rachanism, the neaniform nature of the soil also causes spatial variations of these

parameters. Therefore, geotechnical systems should be considered in terms of the uncertainty of soil
parameters valugsncertainly using the concepts of statistics amtabilities. The purpose of this study

Eeemgrgfpacityof Foundation is to investigate foundations in meshlesgthod. In this articleradial point interpolation method
Radial Point Interpolation Method (RPIM), ameshless method is proposed for simulation of soil foundation. Difficulties of methods related
Probabilistic Analysis to meshare solved by using this methol.code has been developed based on this method and some
Monte CarloSimulation examples are solved for analyzing the cddé¢his research, RPIM in combination with a random field
Progressiverailure was used to model the spatial variations of soil strengh pgrepeand foundation bearing capacity
analysis. For probabilistic analysis, random field is also used to determine the cohesion and the friction
angle as well as the dilation angle based on their mean values and standard deviation. In order to
investigate ie application of the point interpolation method with randomized radial functions, a
foundation with definite geometry has been analyzed deterministic and probabilistic and its safety factor
has been investigated. Based on the analysis of the progreskive fodeling, it is concluded that the
actual failure of the soil and the occurrence of continuous displacements occur simultaneously with the
formation of a progressive mechanism of soil failure and the arrival of the slipping path to the ground.
In the following, probabilistic distribution functions of the safety factor were determined by probabilistic
analysis and the production of random fields, and then the statistical parameters are calculated.
doi: 10.5829/je.2023.36.02b.07
NOMENCLATURE
o development of stiffness strain Cj, maximumcohesion

® ﬁ? cpg? development of the plastic strain along the direction of maximu ci residual cohesion

and minimum stress are the main

(00] ﬁ development of theolumetric plastic shear strain correction fact / b maximum internal friction angle
afs SSS strain values are threshold J i residual internal friction angle
1. INTRODUCTION failure can be caused by not paying attention to locative

changes in soil properties and complexity of the
Analysis of soil bearing capacity under foundations is deterioration mechanism. Or it can be caused due to the
always one of the challenging problems that has been problems and limitédns of the modeling tools under
remained in geotechnical engineering #rfibs been the consideration, which could leads to financial and fatality
subjected by numerous researches over the past{{gars loss in engineering projects.
In such issues, the occurrence of soil rupture and design
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Numerous studies had been done in the field of
numerical modeling soil interaction and behavior at
failure and analysis of its deteraiion mechanisrf, 3].
However, the real concept of soil failure mechanism is
not fully understood and its modeling is always
accompanied by ambiguities and uncertainties. In most
studies, t is assumed that the failure occurs
simultaneously along the slip surface in the soil mass.
However, the plastic strains were not uniform duario
increase in loading or decrease in soil strength and
thereby the process of failure will be progressive. In
addition, in most studies it was assumed that the soil

parameters remain unchanged even at large strains.

265

geometry of the problem, mesh needs to regenerated and
this is a timeconsuming task and in addition it increases
complexity and decreases the accuracy of results. Other
problem of these methods indiellow accuracy in stress
calculation, especially in the case of complex phenomena
such as crack propagation or phase change (due to severe
discontinuities).

Therefore one suitable way to get ride of this
difficulties is using meshless methods (MFMs) to
amalysis the stability issues with enough accuracy.
Meshless methods developed by L& using the
smoothed particle hydrodynamics (SPH) method for the
modeling physical astronomy phenomena. Nowadays,

Considering this assumption in issues such as analysisthis method is known as an effective numerical tool for

soil bearing capacity under foundations is incorrect,
Because soil strengh parameters show imam and

residual values, also soil strength process decreases withmethod

increasing plastic strain. According to this concept,

numerical analyzes of progressive failure has been used

in various geotechnical issues, until npl6].
In addition to changes of soil strengh parameters
during the progressive mechanism, the -noiform

analyzing various engineering problems and ssve
studies have been conducted on the application of this
in various branches such as geotechnical
engineerind11-13].

Another issue in analysis of instability of soail
problems is neceggi of combining desire numerical
method by concepts of statistics and probability. Soil in
its natural is considered as a material with the most

nature of the soil causes spatial changes in these changes in behavioral characteristics among engineering

parameters. Soil has aly@ been recognized as
heterogeneous material and its spatial specification
changes has important role in soil behavior. Therefore
concepts of statistics and probabilities should be used in
geotechnical systems which have uncertainty in soll
parameters vaks. In purpose of checking the locative
changes of soil strengh parameters effects on soail
behavior, soil modeling done in form of one
multidimensional process along with several random
parameters in probabilistic analysis. Random field theory
is the basiof providing such model. Details of random
field theory and its application in geotechnical
engineering are fully described Eylravkovicet al.[7].

By use of this theory numerous researchers have

materials. Therefore, uncertainty in geotechnical
engireering and soil mechanics is considered a reality
and considering it has made the engineering perspective
more open in analysis of stability issues.

In this research, it has been used point interpolation
method with radial functions in combination with
random field for modeling locative variations of soil
strengh parameters and analysis of soil bearing capacity
under foundations. In order to consider the progressive
failure of soll, the elastoplastic solution method has been
used with the extended Moefouomb model in terms of
strainsoftening behaviour. Firstly, strengh parameters
such as cohesion and internal friction angle are
considered indefinitely with mean values and standard

examined the impact of spatial changes in soil parameters deviation to perform this analysis. Then random fields of

[8, 9.

It should be noted that deterministic and probabilistic
analysis of the progrewe failure process are only
possible by using numerical techniques such as finite

elements method that are able to simulate the creation andsoil

development of a shear zone with a focus on strain.
Although finite elements method (FEM) widely dsat
analysisof foundation bearing capacityfoweves this
method has problems like stress discontinuity at
boundary elemerdand low accuracy at analysis of large

deformations and weakness in convergence caused by

entanglement elements. This category of finite element
method problems basically related to meshing.

In the context of deformation problems, the finite
elements method suffers from several problems, which
are mainly caused by its complexity of mesh element. In
fact, main weakness of methods which is perfoneir

analysis based on mesh is by every changes in thetheory and progressive failure model

indefinite paramaters are generated by examining the
correlation between domain points. These data along
with other parameters values use as input to point
interpolation method with radial functions in analysis of
bearing capacity of foundations. Probabilistic
analyss of this method is placed in combination with
Monte Carlo simulation. In other words, stability analysis
is repeated as much as the number of random fields
created. The output of this process is probabilistic
distributions for soil bearing capacity saféactor.

In meshless method, due to creation of large number
of unknowns in equation that should solved
simultaneously, the volume calculations is large. So first
step in using this method is using computer programming
to control this system of equationk this research,
MATLAB programming software is used as a matrix
calculator for analysis in combination with elastoplastic
to analyze
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instability in soil problems. Key features of using extended model of Mokh€olumbus, which allows
MATLAB are simplicity and easef working with it, a materials to behave with stragoftening. In this model,
huge library of predefined functions, high ploting power the properties are defined as linear functions of a piece of
and finally, having a comprehensive and complete guide
on how to execute commands.

In this paper authors focused on analyzing the
influence of some relevant aspects of random
characterization of soil by means of numerical algorithm,
as follows:

A the rule of anisotropy i ®dnge @Yl eletted dphslic Gaifi bt t 0
parameters, implemented by analyzing different values _ o . 6
of correlation length along vertical and horizontal maximum and minimum main stress® IS

. ~PS :
plastic shear stra®” . The development oférdening
strain is also presented as follows:

P& %J Colr: U +,C ol 1

direction; development of the volumetric plastic shear strain that is
At o tigatenranelsn variability of soil properties  defined as follows:
based on progressive failure data resulting. S - 1° ps
n progr ; g . ®ff = Cplr+ 2
Hereinafter is orgamed as follows. The next sections
briefly ~describes the progressive rupture. Then According to studies in soil problems, a modéth
formulations of RPIM method are described and random threecomponent partial linear function with strain
field is explained. In following sectios) we perform softening behaviour according to Figure 1 is often used

numerical model, deterministic and probabilistic analysis )

of foundation bearing capacity which are described. Then ~ The characteristics of this model are presented in the
results of the analysis are presented. We findlitreés form of following relations:

article bythe conclusions section.

%’é Ci k™ ¢ R

2. PROGRESSIVE FAILURE IN SOIL O S b P P
Ci % C l+kgs—_rpR(Cp €) iyk T K 3

The failure caused by large displacements in soil } G K" ¢ R
problems is made by the progressive expansion of '
inelastic shear bands. Over time, many efforts have been
made to identify the spread of failure in soil, and until éjj R ek
now, nonuniform distribution of strain is known as one _i K - R
of main causes of progressive failure. Suitable conditions ji 3 iﬁ( p di- iy K¢ 4)
of progressive failure provides by reduction of shear I; . L E ok

i) p

strength in proportion to shear plastic strain, from its
maximum to residual value. Analysig such issues is
possible by applying a model considering strain In these relationsci’, Cj are the maximum and
softening behaviour. Some of complex problems in . -

geotechnical engineering are armihg theslope, bearing residual cohesion, as well 4d and/rl which is the
capacity and other soil problems in regard to strain maximum and residual internal friction angle,
softening behavior. In suchrgblems, specificity of
material is changed at different stages from maximum to
residual value, and failure is occured by applying
strength reduction technique with increasing the strain. In
general, this type of failure, failing happen in part of soll
in which strains are locallyformed Soil strength
decreases from a maximum value to residual value by c.o'A
increasing strain in this area. The application of o '

reprocessing stress method causes expansions on shear I
zone and its penetration into adjacent soil. Tieeeethe |
slip surface is following progressive expansion along [ ¢, o

with area by mean strength between maximum and | I

residual value. | |
Various strairsoftening behaviours have always ' .

been proposed to calculate soil strength parameters Kp K"

during strain changes. Amongeise, we can refer to Figure 1. Strainsoftening model

. s gPs :
respectively. Also®r | % are threshold strain values.
The values of these parameters are obtained by
performing conventional tesfg, 14].

=Y

ps
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3. POINT INTERPOLATION METHOD WITH
AMPLIFIED RADIAL FUNCTION

Point interpolation method is one of kind meshless
methods that uses finite series form to represent the
approximation function. For this purpose the scalar
function u(x,y) is considered in twdimensional space
created by a bunch of scattered nodes. The point
interpolation relationship of the function u(x,y) at the
point (x,y) is given as follows:
u(><,y)=_'a'1 Ba ()

In this relation Bi(x,y) is base function in two
dimensional coordinates, m is the number of the base
function and ai is thecoefficient related to the base
function. In the point interpolation method, basic
functions can be selected as polynomial functions. As a
result, derivation shape functions are easily performed.
Simplicity and appropriate accuracy of results are key
featues of this method. However, point interpolation
method with polynomial basic functions always suffers
from solvation of individual torque matrix. For fixing
this, interpolation method used radial functions. On the
other hand, in order to take advantadepolynomial
functions, we can strengthen the model by adding
polynomial phrase as basic functions until desire order.
In this case, point interpolation equation with the
amplified radial basis functions for u(x,y) is written as
follows:

U Y) =8 R (V)3 +APXxYb R x8 # (B (6)

In this equation, R and P are radial basic functions and
polynomial of n number points nodes at local support
domain point with (x,y) coordinates and m is a number
of polynomial phrase items use to basic functions. The
phrases ofpolynomial functions in specific spatial
coordinates are selected using the Pascal trigh§leTo
determine the values of ai and bj, it is necessary to form

n + m equation. In this regard, n equations are created by

applying node values to the function u(x,y) as follows:
U =ulxo¥)=a R (¢ .y)a+apk.yp k=12.., (7)
i=1 1
Equation (7) rewrite in Matrix form as follows:
U,=Rza+P,b (8)
In this equation, RQ and Pm are from matrices in the
following form in two-dimensional space, respectively:

eR (X, Y1) Ro(xuy) - R(X,yy)
RQZERl(x;z,yz) Rz(xsz,yz) - Rn()jzryz) o)
gRl(Xniyn) RZ(Xniyn) Rn(xniyn)

267
eipl (X1’ yl) pZ (X1’ yl) pm (X11 yl)
=) :épl(x?’yz) pZ(XEZ’yZ) pm()zz-yz) (10)
g)l(xn’yn) pz(xn’yn) pm(xmyn)

In radial functions, the only available variable is ri ,
which is distance between two spatial coordinates (X,y)
and (xiyi). Different radial functions provided for
performing analysis. Irthis research, Multiquadratics
radial function with following form of equation has been
used:

R,(x,y) = ( +& ) =[(x-x )2 +(y-y )* +&°]°

In this relation, ¢ and q are shape parameters. The best
value for these parameters is obtained based on type of
problem and performing numerical tests. In this study,
according toanalysis on shape parameters in solid
mechanics, the values of 1.42 and 0.98 have been used
for c and g, respective[\L5]. Them remaining equation
will be obtained from unique actions conditions answer
as follows:

(11)

apk.ya =0j=12..,n (12)
i=1

Or in matrix form:
Pla=0 (13)

Therefore, Equation (8) is rewritten in the following
form:

__eU aeR, P, @8 {

“Tlo Féer o Wi _§a° (1)
In this regard:

&=l a .3 b h .0Q (15)

U,=[u, u, ...u, 00...0 (16)

Therefore, according to Equation (14), we oaite:
éal -
%=1, #G"U, (17)
>y
Finally, by combination oEquatiors (17) and (6) we
have:

u() ={R7(x) PTx}G*U, =0 (3 U, (18)

In this regard:

DT:{G1 ( Xz) G- (nX ) n+1L’j (n+)5 ) -l

n+('nx)

After calculating vector of shape functions, for desire
domain of support with n number of nodes in it, the
vector of main shape function is considered as follows:

o’ ={d, ( x)

(19)

G- () (20)
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4. RANDOM FIELD Gol3z 24)

Soil is one of the materials in which its characteristics are Finally, by using G matrix values and using the
related to the location. In other worgspperties of these following equation, random field for variable x is
materials vary from one place to other place. So it is not obtained by the followingxpresion

possible to use usual methods of statistics and e (X + (25)
probability, which are based on independence RF
observations of samples. On the other hand, during soil Inthisequati on, e(x) and G(x)
exploration operations, itsharacteristics are obtained deviation of the random field of x respectively.

only in sampled places. However, values of these

specifications remain unknown in other parts of the area.

In this regard, random field theory is known solutionused 5. NUMERICAL MODELING AND ANALYSIS

to obtain random values in different parts of the domain METHOD

areato deal with uncertainty16]. Random field theory

can effectively explain the spali variation of soil The intended specifications for soil behavior at
properties by correlation function. In fact, this theory isa maximum and residual conditions are given in Table 1.
forecasting method to predict desired characteristics of The soil unér the foundation including a layer of soil
other points based on limited available information. In  with the characteristics of conventional parametees
this method, a specific soil feature is almost identical at statedn Table 2. In this research, the bearing capacity of
very close points and will not be related at distant points. the foundation is investigated in the form of plain strain
According to this purpose, relationship between the conditions. In this type of analysigeometry, problem
points in domain area are defined by the correlation properties, and field variables are defined in terms of two
function. Among the existing correlation functions. We  spatial coordinates, x and y.

can mention Gaussian, triangulartc.e correlation

functions. In this research, exponential correlation 5 1. Geometry and Boundary Conditions In
function is used to construct a correlation matrix as order to investigate the application of point interpolation
follows: method with random radial functis, a foundation with
- L; the geometry shown in Figure 2 was analyzed
} = e pr - (21) deterministic and the probabilistic. The soil under the
d g foundation with a depth of 5 meters and a radius of 10
In this equation, Ux an dmels frogw trhe ceqtpr Oft t% fo(yrédgtlon |sr}exaguneéi nd
directions betweentwo poinisn d er consi d e rTQ' €8 etry ter ased on formation of a

and dy are correlation frgp 1% Tique;udatg%ntagq]qut foﬁl'[?lStfe%Sct i
respectively. The length of correlation represents the oundary conditions are as-ioliows:

threshold distance that shows effect of parameters bot_tom of soil d_omam (BD) '.S fixed in both dlrec_tlons,
correlation. The correlation function is applied to all while on other sides of domain (AB and CD), horizontal

points in relation to other points and the correlation

matrix for n points system is performed as follows: TABLE 1. Values of soil resistance parameters at maximum

A and residual state
an i *otInt
g o Parameter Maximum Residual
y =€ = xn (22) amount amount
g' L - Internal friction angle ) 20 15
nl 2 tonnt
Cohesion (kN/m2) 20 5
In next step, by decomposing this matrix using
; 5 ilati 1 .
Cholesky method, a top and bottom triangular matrix is _2'2ton angle 0 0.0005
obtained:
y = U (23) TABLE 2. Values of definite soibarameters
Then, desire values of constructing a random field are _Parameter The amount of
obtained by multiplying the lower triangular matrix Land ~ Modulus of elasticity (kN/rf) 100000
normal random values of standard Z that generated by gpecific gravity (ki) 16
random numbers in standard norm with mean values of ) )
Poisson ratio 0.3

zero and stndard deviation of one, as follows:
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displacements are fixed only which is allowing nodes for parameters, which in this research are cohesion, internal
a vertical displacement. friction angle and dilation angle, which arensidered as
probabilities with specified mean values and standard
5. 2. Methodology The first step in analyzing point  deviation .
interpolation method with radial functions is to define Correlation between different points of domain is
domain of problem by distributing its node. The number checked in third step of this method. In fact, at this stage,
and arrangement of nodes are chosen so that simulatedrelationship between different points can be created to
body is as close to reality pessible. The choice of node  desire peameter based on their spatial distance defined
arrangement is often dictated by the geometry of problem by building a correlation matrix on a suitable random
and number of independent points needed to define the field . In this research, integral points or stress points are
scope of problem. In order to perform problem analysis, used in meshless method to define correlation. We should
soil amplitude under the studied foundation is modeled mention that these points represspecified region of
by nales according to Figure 3 by point interpolation corresponding Voronoi cell. Based on these by using the
method with radial functions. appropriate correlation function such as the Markov
Integration with surface or volume is required in function, the correlation matrix is created and random
order to estimate stiffness and force matrix. Therefore, it field related to each parameter is created as described
is necessary to use appropriate numerical integration In the next sep, Monte Carlo simulation method is
method tocalculate relationships in problem domain. In  used after constructing a random field for selected non
this research, stress point method due to high deterministic parameters. In fact, constructed random
convergence power has been used to perform numerical fields used as input of numerical solution method. After
integration. For this purpose, we defined points in analysis, a value is calculated for considered dutpu
domain problem between nodes of point interpolation parameter, which is used as safety factor in this research.
method with radial functions. Then voronoi cells are Based on Monte Carlo method concepts, this process is
created around these points, so that area allocated to eachepeated 5000 times and according to repetitions number,
stress point by each cell represents the integral weight of different values are obtained ftine desired output. In
that stress point. Figure 4 shows defined stress points other words, by usinlylonte Carlo method, according to
along with their Voronoi cells. repetitions number of solution process for different input
The result of bearing capacity of foundation analysis random fields, the final output of problem will be
is safety factor parameter. This quantity is equal to different valuedor which a probability distribution that
coefficient on which mai n carabe ebthiadd efferstatistical andlysie n g h, c and
, are divided and thus decreased shear strength under a In last sép, after determining probability distribution
constant weight force, resulting ifailure. For this value of random variable of safety factor, performing a
purpose, during analysis, weight load is obtained by probability analysis in form of calculating target
integral of each support domain according to considered parameters such as reliability index, probability of failure
value of specific gravity of materials and applied to or coefficient of variation are examined.
problem during its development. Then a strength Figure 5 shows methodology flowchart.
reduction loop is considedén program, which gradually
reduces the soil strength to perform failure by performing
elastoplastic analysis of soil. Accordingly, multiplied 6. DETERMINISTIC ANALYSIS OF FOUNDATION

resistance parameters of soil are expressed as follows: BEARING CAPACITY

G, =arctan In this section, soil under desired foundation is
(26) S .
¢, =clsrf definitively analyzed using parameters of Table 2 and

The second step te perform probabilistic analysis,
choosing appropriate distribution for the input

ds

jomm || [[[] 1111 ]

2m =

B D
10m

Figure 2. The geometry and boundary conditions foundat Figure 3. Domain separated by knot
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The desired foundation has been

investigated by the finite elements methang Plaxis
(a) 10 Repetition

In continuation of deterministic problem analysis on

desired foundation is examined in terms of progressive

and residual state without considering progressive
failure model. According to model with strasoftening

failure.
repetition number less than 30 is to a depth of 3 meters

under foundation formed failure mechanism. Then,
displacements occur in different parts of soil under
software and results are presented in Table 3 in order to

increadng repetition failure advancesso that large
foundation.

show progression of a deviant plastic strain during
have formed in edge of foundation area. Also, it shows
increasing repetition in soil @a under foundation in
according to Figure® 6d) to fy), it expands with

with radial functions using soflarameters in maximum
behaviow in simulation of progressive failure, values of
strengh parameters (friction angle and cohesion) are
modified using Equations (3) and (4) with a value
between maximum and minimum. Figureg)6to gh)
repetition of elastoplastic solution in soil slope under
foundation. According to Figure(®), it is observed that
approximately in repetition number 10, plastic strains
proportion to failure mehanism on slip path (Figure
6(b)). The plastic strains according to Figuré&)6in

6. 1. Verification
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(e) 80 Repetition

F) 150 Repetition
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Figure 6. progressive shear plastic strain at levels
elastoplastic solution

validate numerical program of solution by point
interpolation method with radial functions. The deformed
amplitude of soil under foundation is shown in Figure 7
by performing analysis on maximum soil parameters.
According to safety factors presented in Table 3, it is
possible to compare results of above methods. According
to results presented in table, it can be seen that safety
factor changes obtained from pointérpolation method
with radial functions are in a more limited range than
finite elements method. It is also known that safety factor
of foundation bearing capacity decreases by changing
values of parameters from maximum to residual state.
Therefore, type of failure in soil under investigated
foundation is progressive.

TABLE 3. Comparison of values of safety factors obtained by
point interpolation methods with radial functions and finite
elements

. Maximum Residual
Method of analysis mode mode
Interpolation with radial functions 4.08 2.18
Finite elements 4.31 1.97
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Figures 8 to 13 show random field generated of
Monte Carlo iteration on parameters of internal friction
angle, cohesion and dilation angle of both maximum and
residual modes, respectively. Random fields in this
analysis are generated in terms of correfal@mgth of 10
meters. As shown in Figures 8 and tBe values of
friction angle in random field of maximum state in range
between 16 to 22 degrees and in random field of residual
state in range between 13 to 19 degrees. The difference
between values of gerated fields between maximum
and residual state of cohesion parameter was greater
: 34 according to Figures 10 and 11. This is related to
0 50 100 150 200 250 300 350 400 significant reduction of cohesion parameter during
progressive failure.

300

Figure 7.Domain change shape found soil under founda

7. PROBABILISTIC ANALYSIS OF FOUNDATION & RESULTS

BEARING CAPACITY Finally, appropriate distribution focalculated safety

. . . . f rs i in nd main n r rameters of
Influential parameters in process of modeling soil actors is obtained and main necessary parameters o

problems have inherent uncertainties. Therefore, using
only one value will notrepresent changes in these
parameters. Therefore, solution to this problem is
generating random field using statistical distribution for
each parameter as a input of computational algorithm in
stability problem analysis. Hence, in order to perform
probabilstic analysis using point interpolation method
with random radial functions, appropriate distribution for
input parameters is selected, which is considering by
mean value and standard deviation. Soil parameters are
often defined using constrained normadtdbutions or Figure 8. Square by accident angle friction interr
normal logs. Table 4 shows mean values and standard maximum ()
deviation of probabilistic parameters. In this research,
definition of correlation between used domain points
under integral points or so called stress points used in
point interpolation rathod with radial functions. It
should be noted that these points represent identified
region of Voronoi cell. Next, a correlation matrix is
constructed by using Markov correlation function and a
random field corresponding to each parameter is
generated.

Figure 9. Square by accident angle friction internal resid
TABLE 4. Mean values and standard deviation of probabilistic (")
soil parameters

Parameter Average i:‘/?;?org
Maximum internal friction angle { 20 2
Residual internal friction angle)( 15 2
Maximum cohesion (KN/rf) 20 2
Residuakohesion (KN/m) 5 2
Maximum dilation angle 10 2
Residual dilation angle{ 0.0005 2
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