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(MVF) by Radial Point Interpolation method (RPIM). In order to extend the RPIM to the study
of box culverts, a method of decomposition is made by subdomain and creation of a fictitious
rotation. Similar results are observed between the RPIM_Winkler and STAAD PRO (FEM
software), with fewer nodes in the case study. Kleinlogel’s formulas or the Winkler model gives
a maximal increase in stresses at the middle of the raft of 5% and 12 times increased
displacement. Finally, it emerges that for the same type of soil and a single structure, the reaction

and shear modulus of the soil is highly depends on the distribution of loads on the structure.
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1. Introduction

Box culverts have a variety of useful applications. They are
commonly used for bridging purposes, stock and wildlife
crossings, drainage structures, and ducting in many indus-
trial applications.

A box culvert is a structure consisting of two parallel slabs
monolithically connected to its vertical slabs allowing an
opening for waterways and other ways. The simplest plate
theory of bending is the classical plate theory (CPT) [1] pro-
posed in thel9th century, also called Kirchhoff-Love The-
ory. In the Classical plate theory, the effects of shear defor-
mation and rotary inertia are ignored. Using this theory in
the case of thick plates would result in the overestimation of
frequencies [2]. To overcome the drawbacks posed by
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classical plate theory, Plate Theory [3], Mindlin Plate The-
ory [4], New First-order a new class of plate theories known
as First-order shear deformation theories (FSDT) came into
existence (Reissner Shear Deformation Plate [5], ...). The
primary drawback linked with first-order theories is the dif-
ficulty in deciding the correct shear coefficients. The formu-
lation of
first-order theories is such that, they cannot satisfy the shear
stress-free surface conditions at the top and bottom surfaces
of the plates. To deal with ambiguity in deciding suitable
shear coefficients in the case of first-order shear deformation
theories, researchers in the field later switched interest to
higher-order shear deformation theories (Levinson Plate
Theory [6], Reddy Plate Theory [7], Refined Plate Theory
[8]). However, Higher-order theories provide a slight in-
crease in accuracy relative to the FSDT solution at the ex-
pense of an increase in a computational effort [9].
Generally, the calculation methods used to determine
solicitations in the box culvert are based on a two (2D) or a
three-dimensional (3D) approach.

The 2D approach is a rescued solution to the 3D problem
under simplifying assumptions: the displacements and
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forces are assumed to be uniform in the longitudinal direc-
tion of the culvert; the analysis is performed considering a
unit-wide strip along the longitudinal axe, and this strip is-
said to be in plain strain condition. Under these basic as-
sumptions, the plates are assimilated to beams, and the box
culvert is analyzed as a two-dimensional frame structure
[10-12]. In practice, a model assuming that the bottom slab
is infinitely stiff so that it will not undergo any differential
settlement is often used. Then, the distribution of the contact
pressures on the bottom slab is assumed to be linear, and ap-
proximate methods like moment distribution, force or dis-
placement matrix, Kleinlogel’s formulas, and FEM are used
[10-12] (applications in [13-16]). However, in reality, the
bottom slab undergoes differential settlement. Therefore,
another model (2D or 3D) considering soil-structure interac-
tion (SSI) is often used to overcome this problem. In this
model, the bottom slab is assumed to rest on an elastic foun-
dation, and an SSI model is used to approximate behavior of
the foundation soil [11,17]. Some other more sophisticated
approaches (2D or 3D) which model the culvert and the soil
as a whole system with different constitutive models for soil
and structure materials are used in FEM software like
ABAQUS, CANDE, and PLAXIS [12].

Several researchers have proposed convenient models to
represent the physical behavior of the foundation soil [18-
24]. Generally, these models are based on the Winkler ap-
proach (local elastic deformation theory) and the Boussinesq
model, also known as a continuous elastic model (global
elastic deformation theory) [22-23].

The Winkler model is the simplest and most widely used
in the theory of bending plates resting on elastic soil. Most
of the software have programs that are used today based on
this model [22]. According to Winkler, the soil is likened to
a series of isolated and independent springs (Winkler 1867)
[23]. The stress-strain law is given at priori: the ratio of these
two quantities is constant, and it is called the coefficient of
stiffness. Therefore, This model excludes the continuity of
the deformation from one spring to another through shear
forces, which is not very realistic. Besides, the method of
determining the coefficient of stiffness of the soil is not
unique, which causes problems in choosing this coefficient.
Moreover, the works of Vallabhan and Daloglu [25] have
shown that this coefficient depends not only on the nature of
the soil but also on its depth, the geometry of the structure,
the distribution of the loads on the structure, and the rigidity
of the foundation. Thus, using of a single coefficient of soil
stiffness throughout an entire project is problematic.

To overcome the problems encountered with the Winkler
model, researchers have turned to a second model called the
"Boussinesq model™ or continuous elastic model. Hetenyi
[19], Reissner [21], Filonenko-Borodich [18], Pasternak
[20], and Kerr [24] have tried to make the Winkler model
more realistic by proposing a two-parameter model. Their
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model considers the effects of shear interactions between
different springs, although the shear parameter is determined
experimentally. Vlasov and Leont'ev [26] subsequently in-
troduced another arbitrary parameter depending on the char-
acteristics of the base soil of the structure and suggested an
approximate value between 1 and 2. The work of Vallabhan
and Daloglu [25] subsequently showed how to determine
this arbitrary parameter by an iterative procedure in the case
of plates, a new method, which they named "modified
Vlasov foundation". Here, the continuity of the deformation
is also ensured outside the loaded surface. Even though this
model is more realistic, it has some mathematical and com-
putational drawbacks, which makes it less applied [23].

In the last decades, several meshless methods have been
developed and have made remarkable progress in engineer-
ing. In general, meshless methods can be classified into three
categories according to the formulation of the equations used
[27]. The first class includes methods based on the strong
formulation of systems of linear equations, in which the dis-
cretization is performed directly from the partial differential
equations governing the problem.In this case, the finite dif-
ference method [28], the smooth particle hydrodynamic
(SPH) method ([29]; [30]), and other collocation methods
such as the Kansa collocation method [31] are available. The
second class concerns methods based on the weak formula-
tion of systems of equations such as the element-free Ga-
lerkin (EFG) method [32], the meshless local Petrov-Ga-
lerkin (MLPG) method [33], the Point Interpolation Method
(PIM) ([34]; [35]), etc. The third class is related to methods
based on the combination of weak and strong formulations
such as the meshfree weak-strong-form (MWS) method
([361; [37]).

Meshless methods have been successfully applied to a
wide range of problems, such as free surface [38-41], impact
magnetohydrodynamics [42-43], explosion phenomena [44-
45], heat conduction [46-47], fracture and crack propagation
[48-49], wave propagation [50-51], acoustics and fluid flow
[52-53], vibration analysis [54-56], beams [57-58], plates
and shells [59-60], and nanoscale mechanics [61-66]. A
methodological study on possible and existing meshfree
methods is presented in G. R. Liu [67] to solve the partial
differential equations governing solid mechanics problems.

The radial point interpolation method (RPIM) is a mesh-
less method based on combining polynomial and radial basis
functions [68-70], which has become a widespread tech-
nique in the meshfree solution of a wide range of problems.
The RPIM has been successfully applied to 1D and 2D solid
mechanics [71-73], solution of Kirchoff and Mindlin plates
[74-75], analysis of shell problems [76-78], problems of
smart materials [79], geometrically non-linear problems
[80], material non-linear problems in civil engineering [81],
and stress analysis of three-dimensional (3D) solids [82].
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In this paper, the comparative study of computational
design of box culverts is presented using Kleinlogel’s for-
mulas and three-dimensional models based on Winkler and
Modified Vlasov Foundation (MVF) using the Radial Point
Interpolation method (RPIM). Also,a meshless method for
the analysis of box culverts is developed taking into account
soil structure interaction using the Winkler model. Compar-
ative results with FEM software (STAAD PRO) are pre-
sented to validate the method, in a test case. Also, a Bous-
sinesq approach is used(Modified Vlasov foundation) as a
soil-structure interaction model. Next, in a test case, the er-
ror made in the analysis of box culverts is numerically eval-
uated when using a two-dimensional frame structure model
assuming a linear distribution of pressure under the bottom
slaband Winkler's approach as a soil-structure interaction
model, taking Modified VIasov foundation as the reference
model.

This paper is organized as follows: In Section 2, the
method of calculation is presented based on the Reissner-
Mindlin plate theory. The RPIM approximation method and
shear-locking treatment are given in Section 3. In Section 4,
we proceed to a comparative analysis between studying a
box culvert from the formulas of Adolphe KLEINLOGEL
(a two-dimensional model developed for the study of frame
box culverts in 1951) and from a three-dimensional model
with  Winkler’s model and modified Vlasov founda-
tion(MVA) model are proceeded. Section 5 is devoted to
some concluding remarks and perspectives.

To ease reading, a nomenclature of symbols and param-
eters used in this paper is presented in Table 1 below.

Table 1: List of symbols and parameters

Symbols Significations
rotations of the mean surface around the axes X,
0y, 6,0, .
y, and z, respectively
the displacement of node | along axes x,y, and z,
up v, wi H
respectively
a a parameter
a surface density of charge uniformly distributed
q over the domain X
_ a linear density of charge distributed along the
q edge 0Zy;
P; concentrated loads at the nodes i.
k a shear correction factor
E Young's modulus of the material
v the Poisson’s coefficient of the material
h the thickness of the plate
(O TR the n shape functions RPIM

Numerical Methods in Civil Engineering, 7-4 (2023) 35-49

ko reaction modulus of foundation soil
kq shear modulus of foundation soil
H depth of the soil
Er Young's modulus of the foundation soil.
Vg the Poisson’s coefficient of the foundation soil.
K] the stiffness matrix of the box culvert
[S] stiffness matrix of the foundation soil
K, the stiffness matrix of the plate element
E, force vector acting on the plate element
{U.} displacement Vector of nodes of a plate
Xg) Vg Zg global axis
XL Y2 local axis
we(x) the meshfree approxim_ation of field displace-
ments at a point x of a plate
Ka coefficient of thrust
Y a dimensionless parameter

2. Method of Calculation

a homogeneous isotropic linear elastic material is considered
with the assumption of small deformations.

Here, the Reissner-Mindlin kinematics are used[83] to treat
thin and thick plates. The kinematic hypotheses of the Reiss-
ner-Mindlin plate theory can be summarized in the follow-
ing points:

- The material points on a normal to the initial mean sur-
face remain on a straight line in the distorted configura-
tion. This hypothesis makes it possible to take into ac-
count the influence of transverse shear deformations;

- The hypothesis of a zero cross-sectional deformation;

- The assumption of plane stresses

For a bending problem of a plate, the field of displacement
of a point is defined by:

sz(x, y)
u(x,y,z) =< —20,(x,y) 2.1
w(x,y)
Where w(x,y) is the transversal displacement of the mean
surface of the plate, while; 6, and 6,, are the rotations of this
mean surface around the two axes x and y, respectively. 2.1
Problem of the sixth degree of freedom
In Reissner's theory, which used for the study of plates, the
rotation around the normal is not supplied with rigidity, and

therefore, there are only five (05) effective degrees of free-
dom. The difficulty is associated with rotation around the
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normal and it is called the "sixth degree of freedom prob-
lem". To overcome this problem, the technique proposed by
Bui Hung Cuong is used [84], which introduces a fictitious
shear deformation given by:

y;y = ab, (2.2)

Where 6, is the rotation of the mean surface around the z-
axis at a given point, and « is a parameter.
a is taken 0 to eliminate the influence of this fictitious ri-

gidity.
2.2 Elementary matrices

Here, a principle similar to the finite element method will be
used, thus each of the four plates forming the box culvert is
considered as an element. For each element, Figure 1 illus-
trates a surface density of charge g uniformly distributed
over the domain X a linear density of charge g distributed
along the edge 0X, and concentrated loads P; at the nodes i.

(£)

Fig. 1: Graphical illustration of a plate
In the local coordinate system to the element, the stiffness
matrix of the plate, K., and the force vector, F,, are given
by the equations.

K. = [, [ByCyBy + Bp,Cpu By, + B CsB]dZ (2.3)
F, = [, NjqdZ+ 6f02N NIGdozy + X N,:P,  (2.4)

where

By, B,,, and B, are matrices related to bending moments,
normal forces, and shear forces, respectively;

q : a surface density of charge uniformly distributed over
the domain X ;

q : alinear density of charge distributed along the edge 0Zy;
P; : concentrated loads at the nodes i.

The matrices in equations (2.3) and (2.4) are given by Equa-
tions (2.5) - (2.11), thus:
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, 1 v 0
Eh v 1 0
Cp=— 2.5
b 121-v3) |, 1-v) (2:5)
2
1 v 0
Eh v 1 0
Cp=—nr 2.6
" 12a-v) |, 1-v) (2:6)
2
wn |1 00
Szz(m)[o 1 ol (2.7)
0 0 1

Where k is a shear correction factor with a value of 5/6, E
and v are Young's modulus of the material, and Poisson’s
coefficient, respectively, while h is the thickness of the
plate.

000 0O ¢xo0 - 000 0 ¢nxo
B,=10 0 0 %1y 0O 0 - - 000 — Py 0 0f(28)
0 00O _¢I,x ¢I,y 0 = 000 _¢nx ¢n,y 0
00 0 0 0 a - oo O 0 0 a
B=[0 0 1 O ¢, O - - 00 Pnx 0 ¢, 0[29
00 ¢I,y —¢; 0 0 - 00 ¢n,y —¢nx 0 O
ix 0 0000 - 000 0 énxo
B,=|0 ¢y 0000 - - 000 —Puy 0 0] (210)
¢I,y ¢I,x 0000 = 000 _¢n,x ¢n,y 0
N,=[0 0 & 0 0 0 0 0 ¢, 0 0 0](2.11)

Where ¢,, ..., ¢, are the n-shape functions RPIM (Section 3),
with n being the number of nodes distributed on the plate.
The internal forces in the element are approximated by the
equations:

Q) = C,BU (2.13)
N(w) = C,,B,U (2.14)

M, N, Q representing the vectors of bending moments, nor-
mal forces, and shear forces, respectively, while U is the dis-
placement vector of the nodes of the element such that

Ul =[u v wy O 0y 06y (2.15)
un Un Wn exn Hyn 6271.] l

2.3 Soil foundation modeling
2.3.1  Winkler model

Winkler (1867) assumed that the vertical translation of the
soil w at a point depends only on the contact pressure p act-
ing at that point in the idealized elastic foundation and a pro-
portionality constant k. Afterwards, the relationship between
the external pressure and the deflection of the foundation
surface under pressure is expressed as [85-86]:
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p=kw (2.16)

The proportionality constant, k, is called "the modulus of
subgrade reaction™ of the soil.

According to the Winkler model, the expression of the strain
energy, Ur , in the foundation is given by the following re-
lation [85-86]:

_k de
o

Discretizing the integral in (2.17), it is:

(2.17)

k
U = 5 O [[ 1N W )dxay ) (218)
Also written:
Up =5 (U ISHU} (2.19)
With:
kff wldxdy (2.20)

The rigidity matrix of the foundation soil corresponds to the
plate element, while k is the reaction modulus of the founda-
tion soil.

2.3.2 Modified Vlasov Model (MVF)

In the two-parameter model of Vlasov for a plate resting on
an elastic foundation, including a shear effect of the founda-
tion, the expression relating the pressure and the correspond-
ing defection of the foundation is [85-86]:

= kow = (55 + 537)

Where p, w, and k, are the surface pressure, the transverse
defection, and the shear modulus of the foundation (second
foundation parameter), respectively, while k, is the modulus
of subgrade reaction of the soil (first or Winkler foundation
parameter).

According to the VIasov model, the expression of the strain
energy, Ur , in the foundation is given by the following re-
lation [85-86]:

(2.21)

— ko 2 ky 2
=> || v dxdy +7 (Vw)“dxdy (2.22)

Discretizing the integral in (2.22), we have:

<o iy

{U}T ff [aN aN A aN]dxdy{U}(223)

Also written as:

wdxdy {U} +

Numerical Methods in Civil Engineering, 7-4 (2023) 35-49

Up = 5 (0} [S)U} (2:24)

With:
(5] = ko f [N, 17 [N, |dxdy

+k ﬂ' BN BN aN ON,,
! ax dy

The rigidity matrix of the foundation soil corresponds to the
plate element, while k, and k, are reaction and foundation
soil shear modulus, respectively.

Assuming the modulus of elasticity of the soil E is con-
stant in a finite depth H of the soil, the soil moduli k, and k,
in (2.25) are given by the relations [44, 51]:

e = Er(1 —vp)
7 8H(1 + vp)(1 — 2vg)

] dxdy (2.25)

2ysinh2y + 4y?
sinh?y

(2.26)

E-H 2ysinh2y — 2y?

k. =
YT 16y2(1 4 vp)

2.27
sinh?y ( )

Where vy is the Poisson coefficient of the foundation soil.
However, these parameters also depend on a coefficient rep-
resenting the rate at which the foundation soil declines and
displacements, and normal stresses in the vertical direction.
According to Vallabhan, Straughan and Das [86], this pa-
rameter can be expressed as:

(y)z @ =2v) [0 [0 (Yw) dxdy (2.28)

H) 20 —-vp) J52 [ wedxdy

For plates resting on elastic soil, the dimensionless parame-
ter can be evaluated using an iterative procedure after deter-
mining vertical displacement, as shown by Vallabhan and al.
[86].

2.4 Modeling plate-soil system (sill plate)

To analyze the phenomenon of soil-structure interaction, the
deformation energy in the foundation will be added to that
of the plate. The total potential energy of the plate-soil sys-
tem is then written:

1 1
M= {UY' KU} + 5 (U} [SHUY = (FHUY" (229)

By applying the principle of minimizing potential energy, as

follows:

3 = [KIUY + [SHUY = (F} = 0 (2:30)
Which gives the following global system:

[K,]{U} = {F} with [K,] = [K] +[S] (2.31)
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Where [Kg] is the rigidity matrix of the plate resting on an
elastic foundation

2.5 Geometric transformation matrix

Considering the stiffness matrices being defined in the local
coordinate system associated with the plate, all the quantities
of each plate must be brought to a common axis system of
the structure. the global axis y, is always choosen parallel
to the local axis y; (Figure 2), and the geometric transfor-
mation should only be executed in the xz-plane.

88

Y&

Fig. 2: Global and local axis systems
In matrix form, for a node i [84]

{U}ig = [THU}, (2.32)

with
[cose 0 —sing 0 0 0 1
| 0 1 0 0 0 0 |
_|sing 0 cose 0 0 0 |

[T1= 0 0 0 cosp 0 —sing]| (233)
lo o o 0o 1 0
l 0 0 0 sinp 0 cos<pJ

Thus, for a plate comprising n nodes, the transformation ma-
trix of size (6n * 6n) becomes:

T 0 .. 0
_lo -~ o :

RI=1. ¢ -~ o (2.34)
0 .. 0T

hence,

{U}, = [RI{U}, (2.35)
Now, the loading has to be linked to the displacements in
the reference, given the relation in the reference linked to
the plate as {F,}, = [K,],{U.},. The relationship between
the two force vectors in the axis systems, as follows:

{Fe}g = [RI{F.},

Afterwards:

(2.36)

40
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{Fo}g = [RIKc], [RI"{Ue}g = [Kely{Uey

The relation between the expressions of the stiffness matrix
in the two references is thus obtained from the following:
[Kelg = [RIIK.], [R]"

(2.37)

2.6 Numerical integration

In order to make this method truly without meshes, asa
method of numerical integration, the Cartesian transfor-
mation method is used (CTM) [87].

3. The RPIM shape functions

The meshfree approximation of field displacements at a
point x of a plate is denoted by u“(x), and given by the fol-
lowing expression [86,88]:

u®(x) = [p" (A +r" (x)Blu(x) (3.1)
or
u® ¢ (x) 0 0 0 0 0 U
e "0 s 0 o o o |[w]
a_|w n | 0 0 ¢ 0 0 0 ||w
vl _21=1| 0 o 0o @ o o0 [
6] o 0 0 0 ¢ 0 |6
Loz [ o 0o 0 0 0 e,
3.2)

Without prejudice to generality, in the rest of the sequel, the
symbol “a” will be omitted in Equation (3.2). Hence, as fol-
lows:

[“]
Iv‘él
u=10, = 2= P, U; (3-3)
Qy
0,
with
[:(x) 0 0 0 0 0
| 0 #@x o0 0 0 0 |
® _| o 0 ¢;(x) 0 0 0 |
! 0 0 0 ¢® 0 0
0 0 0 0 ¢;(x) 0
0 0 0 0 0 ¢;(x)

Where U; = (u;, v, wy, 05,0y, 92,)T is the displacement
vector at node | while ¢, is the shape function defined by:

Bi0) = ) DAy + ) 1B (3.4)
7 3

In this work, to limit shear-locking effects, increase the de-
gree of the interpolation polynomial will be in creased [89-
90].

The matrices A and B are defined by [88,91]:
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A = (PTR™1p)~1pTR"1 (3.5)
B =R"1(I - PA) (3.6)

Where | is an identity matrix, and p(x) in Equation (3.1) is a
polynomial with m basic functions

pT(x) = [p1(%), p2(%), ..., P (X)] (37)

For n nodes distributed over the domain, the matrix P of size
n x m is expressed as:

p1(x1) p2(xq) Pm(x1)
P = p1('x2) Pz(xz) pm('xz) (38)
P) PaCt) )

The term r(x) in Equation (3.1) is given by:
rT(x) = [R(x1, %), R(x3, %), ..., R(%, X)] (3.9)
Where R(x;, x;) is a basic radial function and

R(xl' xn)
ROz x| (310

R(x1,%1) R(xq, %)
R = R(XZ'xl) R(xz'xz)

R(xnﬂxl) R(xn,xz) R(xn:xn)

In this work, as follows:

- Radial basis function, the polynomial spline defined by
R(x;,x;) = 7 where 7;; = ||x; — x;|| is the Euclidean dis-
tance between the two points.

-polynomial pT(x) =[1 x y x% xy y? x%y xy?]

The first derivatives of the shape function can be obtained
as:

¢ri(x) = Z pi(x)Aj; + Z 73,i (X) Byy (3.11)
7 X

The shape functions thus defined have the Kronecker delta
property:

1sil=j

¢i(x;) =6, = {0 sil %] (3.12)

4. Case study of a Box culvert

In what follows, the results will be presented obtained by:

- STAAD Pro software (MEF software using the Winkler
model);

- The formulas of KLEINLOGEL ;

- RPIM using Winkler foundation (RPIM_Winkler) ;

- RPIM  using  modified Vlasov  foundation
(RPIM_Vlasov).

The results presented here are obtained using, for each of the

four (04) plates a mesh of 40x40 for the STAAD Pro soft-

ware and nodes distributed according to a mesh of 10x10 in

the RPIM, which has 15 times lesser nodes in RPIM than in

Numerical Methods in Civil Engineering, 7-4 (2023) 35-49

STAAD Pro.

4.1 General presentation of the box culvert

Itis a box culvert of 1.80 x1.80 m2 section on which rests a
10 cm thick asphalt concrete pavement. The apron, raft, and
piers are all 20 cm thick and made of reinforced concrete
(Figure 3)

Asphalt concrete pavement

Box culvert

1.80m

Landfill

1.80m

Fig. 3: Presentation of the box culvert

The 2D modeling is obtained by the mean surface (Figure
4):

-]

| /2-1.00m
|
h=2.00m

h2=1.00m

[ —

1/2=1.00m

1/2=1.00m |
\

1=2.00m

Fig. 4: Modeling at the mean surface

4.2 Materials characteristics
The characteristics of materials are given in Table 2 below.

Table 2: Materials characteristic of the study case [92]

Materials Characteristic

Concrete Density 2.5t/m3
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Density 1.8t/m3

Landfill Coefficient of thrust Ka = 0.27

Overburden on the landfill 1.5 t/m2
Young’s modulus Er = 10MPa
Poisson ratio vy = 0.25

Soil foundation Depth of soil H = 2m

Soil reaction modulus: k = 3000KN /m3
(using the semi-empirical Vlasov model

[93])

4.3 Actions

The structure is submitted to four (04) actions:

- The weight of the road and the self-weight (G1);

- The thrust of land (G2);

- The action of the traffic (Q1): a concentrated load P = 6t
is considered at the center of the deck,

- The action of the overburden on the landfill (Q2).

The analysis will be done on a one-meter length.

02 Combinations of loads is used:
- Ultimate Limited States (ULS):
1.35*(G1+G2) + 1.5*(Q1+Q2)
- Service Limited States (SLS): G1 + G2 + Q1 + Q2

4.4 Presentation of results
4.4.1 Deformation of the structure and foundation soil

The combined effect of these loads on the structure at SLS
gives a maximum displacement at the middle of the deck of
17.9 mm with the model of Winkler and 1.5 mm with a mod-
ified Vlasov foundation. Figure 4 and 5 show the final de-
formation of the box culvert when all the loads are applied
at the same time on the structure. In fact, there are the dis-
placements of each point of the structure .

Displacement U (m) x 107"

~— 06
° x

PR

Fig. 5: Deformation of the structure — Modified Vlasov model
(Scale 100:1)
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Displacement U (m)

o

-0.5.]
1.5

-05 -05

Fig. 6: Deformation of the structure — Winkler model (Scale 10:1)
Figures 7 and 8 show the soil deformation, using the Vlasov

and Winkler models, respectively. For a better visibility, dif-
ferent scales have been chosen for these representations

05F

osl

Fig. 7: Deformation of soil foundation — Modified Vlasov model
(Scale 50:1)

05

Fig. 8: Deformation of soil foundation-Winkler model (Scale 10:1)
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It is observed that:

- The maximum displacement obtained by the Winkler
model is 12 times greater than that obtained by the Mod-
ified Vlasov Model.

- There is a continuity of deformations around the loaded
surface in the Modified VIasov Model, which is more re-
alistic than the deformations in the Winkler model.

In the following, the results obtained by the Modified Vlasov

model are considered as a basic result for error estimation.

4.4.2 Bending moments and displacements

The bending moments along the local x-axis (Mxx) and the
displacement along the local z-axis of some characteristic
points of the structure are presented, when the box culvert is
subjected to the different loads taken separately.

4.4.2.1 Weight of the roadway and self-weight

The results of the bending moments along the x-axis ob-
tained are presented in Table 3:

Table 3: Bending moments along the x-axis due to the weight of
the roadway and self-weight

Weight of the roadway and self-weight (KN/m)
RPIM

Viasov KLEINLOGEL RPIM_Winkler STAAD PRO
PTS
Value Value E(;r:;r Value E(;rsr Value E(;rsr
A -0.900 -0.830 7.778 | -0.875 2.778 -0.88 2.222
D -3.238 | -3.300 | 1.915 | -3.369 | 4.046 -3.34 3.15
A 2.908 3.000 3.164 | 2910 0.069 2931 0.791
Cc 5.196 5.400 3.926 | 5413 4.176 5.451 4.908
D’ -2.044 -2.065 1.027 | -2.097 2.593 -2.112 | 3.327

The displacements at the centers of the deck, raft, and piers
are given in Table 4.

Table 4: Displacement at element’s centers due to the
weight of the roadway and self-weight

Weight of the roadway and self-weight (mm)

RPIM )
RPIM_Winkler STAAD PRO
PTS Vlasov
Value Value WIV Value WV
-0.5816 -7.6000 | 13.07 | -7.6200 | 13.10
c' -0.4319 -7.5000 @ 17.37 | -7.4700 | 17.30
-0.0486 -0.0498 1.02 -0.0470 | 0.97

W/V: ratio of Winkler displacement by Vlasov displacement
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These Vlasov results are obtained from the three (03) param-
eters presented in Table 5;

Table 5: Vlasov parameters: the case of the weight of roadway
and self-weight

14 ko(KN/m?) ki(KN/m)
16.1161 48 348.300 248.200

v, ko, kq being calculated from equations (2.28), (2.26), and (2.27),
respectively

4.4.2.2 Thrust of land

The results of the bending moments along the x-axis ob-
tained are presented in Table 6:

Table 6: Bending moments along the x-axis due to the thrust of
land

The thrust of land (KN/m)

RPIM KLEINLOGEL RPIM_Winkler STAAD PRO
PTS Vlasov
Value Value lE(g/r()z;r Value E(;/rO(;r Value E(;/rO(;r
A -0.742 -0.730 1.617 -0.748 | 0.809 | -0.745 | 0.404
D -0.937 -0.890 5.016 -0.904 | 3522 | -0.889 | 5.123
A' -0.733 -0.730 0.409 -0.740 | 0.955 | -0.739 | 0.819
C -0.828 -0.890 7.488 -0.889 | 7.367 | -0.888 | 7.246
D 1.623 1.620 0.185 1.635 0.739 1.643 1.232

The displacements at the centers of the deck, raft, and piers
are given in table 7.

Table 7: Displacement at element’s centers due to the thrust of land

The thrust of land (mm)

RPIM
RPIM_Winkler STAAD PRO
POINTS | Vlasov
Value Value WV Value WV
0.0306 0.0313 1.02 | 0.0300 0.98
c -0.0071 | -0.0075 | 1.06 | -0.0070 0.99
D’ 0.0305 0.0308 1.01 | 0.0300 0.98

W/V: ratio of Winkler displacement by Vlasov displacement

These Vlasov results are obtained from the three (03) param-
eters presented in Table 8.
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Table 8: Vlasov parameters: the case of the thrust of land
Y ko(KN/m?) ki(KN/m)

18.9596 56 878.800 210.970

y, ko, k, being calculated from equations (2.28), (2.26), and
(2.27), respectively

4.4.2.3 Overburden on the landfill

The results of the bending moments along the x-axis ob-
tained are presented in Table 9:

Table 9: Bending moments along the x-axis due to the overbur-
den on the landfill

Numerical Methods in Civil Engineering, 7-4 (2023) 35-49

v, ko, k, being calculated from equations (2.28), (2.26), and
(2.27), respectively.

4.4.2.4 Traffic

The results of the bending moments along the x-axis ob-
tained are presented in Table 12;

Table 12: Bending moments along the x-axis due to the traffic

Overburden on the landfill (KN/m)

RPIM KLEINLOGEL | RPIM_Winkler STAAD PRO
PTS Vlasov -
Value | Value E(Z/r:;r Value E(g/ro(;r Value E(g/ro(;r
A -0.682 | -0.675 | 1.026 | -0.687 | 0.733 | -0.683 | 0.147
D -0.714 | -0.675 | 5462 | -0.689 | 3501 & -0.681 | 4.622
A -0.675 | -0.675 | 0.000 | -0.680 | 0.741 | -0.679 | 0.593
c -0.631 | -0.675 | 6.973 | -0.678 | 7.448 | -0.677 | 7.290
D’ 1353 | 1350 | 0.222 | 1.363 | 0.739 | 1.360 | 0.517

The displacements at the centers of the deck, raft, and piers

are given in Table 10.

Table 10: Displacement at element’s centers due to the weight of
the overburden on the landfill

Overburden on the landfill (mm)

RPIM
RPIM_Winkler STAAD PRO
PTS | Vlasov -
Value Value WIV Value WIV
A' 0.0261 0.0266 1.02 | 0.0260 1.00
c -0.0054 | -0.0057 | 1.06 | -0.0050 0.93
D' 0.0255 0.0257 1.01 | 0.0250 0.98

Traffic (KN/m)
RPIM KLEINLO- RPIM_Win-
Vlasov GEL Kler STAAD PRO
PTS
Error Error Error
Value | Value %) Value (%) Value %)
A -8.202 | -8.120 | 1.000 | -8.151 | 0.622 | -8.200 | 0.024
D -4.248 | -4.375 | 2.990 | -4.511 | 6.191 | -4.500 | 5.932
A' | 21.037 | 21.880 | 4.007 | 21.088 | 0.242 | 20.600 | 2.077
C' | 10.011 | 10.620 | 6.083 | 10.632 | 6.203 | 10.600 | 5.884
D' | -6.092 | -6.250 | 2,594 | -6.197 | 1.724 | -6.200 | 1.773

W/V: ratio of Winkler displacement by Vlasov displacement

These Vlasov results are obtained from the three (03) param-
eters presented in Table 11:

Table 11: Vlasov parameters: the case of the overburden on the

landfill
Y ko(KN/m?) ki(KN/m)
18.9563 56 868.900 211.010
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The displacements at the centers of deck, raft and piers are
given in Table 13.

Table 13: Displacement at element’s centers due to the weight of

the traffic
Traffic (mm)
RPIM )
RPIM_Winkler STAAD PRO
PTS | Vlasov
Value Value WV Value WV
-1.0000 -10.4000 | 10.40 | -10.4100 | 10.41
-0.5501 -9.9000 18.00 & -9.9300 | 18.05
D' -0.1450 -0.1473 1.02 -0.1330 0.92

W/V: ratio of Winkler displacement by Vlasov displacement

These Vlasov results are obtained from the three (03) param-
eters presented in Table 14:

Table 14: Vlasov parameters: the case of the traffic
Y ko(KN/m?) ki(KN/m)
16.2313 48 693.900 246.440

v, ko, k, being calculated from equations (2.28), (2.26), and
(2.27), respectively.
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4.5 Interpretation of results

Following these results obtained in this work, various obser-
vations are made on the two Vlasov parameters, bending
moments, and displacements.

4.5.1 Two parameters of Vlasov

Figures 9 and 10 show that for the same foundation soil and
the same rigidity of the structure, the reaction and soil shear
moduli are strongly influenced by the distribution of loads
on the structure. This result is is consistent with the result
presented in the work of Vallabhan and Daloglu (1999) [25],
showing that the soil reaction modulus depends not only on
the nature of the soil but also on its depth, the geometry of
the structure, the distribution loads on the structure and the
rigidity of the foundation (Vallabhan and Daloglu, 1999)
[25].

KO (KN/m3)

9 58000 56878.8 56868.9
=]
_8 56000

54000
€
< 52000
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8 44000
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roadway and self- the landfill
weigt
Loads

Fig. 9: Variation of soil reaction modulus with the distribution of

loads
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260
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B 240
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roadway and self- the landfill
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Fig. 10: Variation of soil shear modulus with the distribution of
loads

These results show that using a single soil reaction modulus
in the Winkler model for the entire project is problematic.

4.5.2 Bending moments

The influence of the soil model on the distributions of bend-
ing moments on the box culvert at ULS is presented in Table
15.
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Table 15: Bending moments along x at ULS

ULS (KN/m)
RPIM
KLEINLOGEL RPIM_Winkler STAAD PRO
Vlasov
PTS
Value Value Error Value Error Valeur Error

(%) (%) (%)
-15.455 | -15.299 | 1.009 | -15.357 | 0.634 | -15.518 | 0.408

-12.908 -13.232 | 2510 | -13.412 | 3.905 | -13.481 4.39

A
D
A’ 33.430 34.872 4313 | 33.528 | 0.293 32.841 1.762
C 20.079 21.006 4.617 | 21.104 | 5.105 21.045 4.811
D'

-7.680 -7.951 3.529 | -7.882 | 2.630 -7.893 2.773

Table 15 shows that the Winkler model or KLEINLOGEL’s
formulas increase bending moments up to 5% on the box
culvert, which induces a general overestimation of bending
reinforcements in the structure. The maximum increase in
bending moments is observed at the center of the raft.

45.3  Displacements

When the loads are applied perpendicular to the structure

(traffic, self-weight, superstructure), the displacements at

the center of the raft and deck are 10 to 18 times larger in the

Winkler model than those in the Modified VIasov model.

Also, the displacements at the center of the piers are similar

in both methods. Besides, when the loads are applied hori-

zontally to the structure (thrust of land, overburden on the
landfill), the displacements obtained by the two models are
quite close. If in the service limited states (SLS), the com-
bined effect of these loads on the structure is considered, the
maximum displacement on the box culvert is observed to be

12 times greater when the Winkler model foundation is used,

as opposed to the modified Vlasov foundation.

Consequently:

- The tridimensional meshless method developed for the
analysis of box culverts allows to have satisfactory re-
sults;

- Winkler foundation modeling generally makes it possi-
ble to oversize the structure;

- Modified Vlasov foundation provides better results than
Winkler's because it is more realistic than the latter one,
taking into consideration the continuity of displacement
around the box culvert.

- Soil reaction and shear moduli can’t be taken as a con-
stant when analyzing the behavior of a structure.

5. Conclusion
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In this paper, the study of the behavior of box culverts by the
RPIM is discussed and a comparative study between the use
of the formulas of Adolphe KLEINLOGEL (which assume
that box culvert is a two-dimensional frame structure with a
linear distribution of soil pressure at the bottom of the slab)
and the use of a three-dimensional model of box culvert are
made taking into accounts soil structure interaction (SSI) us-
ing Winkler model or Modified Vlasov model of soil foun-
dation behavior. In order to extend RPIM applied to the
plates in the study of box culverts, a method of decomposi-
tion by subdomain and creation of a fictitious rotation was
made. Considering simulations made on a box culvert , the
STAAD PRO software (FEM software), and the program
developed on MATLAB, it is observed that:

e The meshless approach developed shows similar re-
sults (bending moments and displacements) with those
obtained with STAAD PRO under the same assump-
tions, with fewer nodes in the case study.

e There is a continuity of deformations around the
loaded surface in the Modified Vlasov Model, which
is more realistic than the deformations in the Winkler
model.

e Instead of using a Boussinesq model as an SSI model,
considering a box culvert as a two-dimensional frame
structure without accounting for SSI (or as a three-di-
mensional structure resting on a Winkler foundation),
an increase in bending moments up to 5% on the box
culvert, and a 12 times increase in the displacement on
the box culvert are observed.

e  For the same soil type and structure, the reaction mod-
ulus and the soil shear modulus are highly dependent
on the distribution of loads on the structure. These
moduli can’t be taken as constants for a type of soil
and foundation, as generally done by engineers using
software based on the Winkler model.

Despite these results obtained, the use of a global meshless
method in this work induces much calculation time and
space memory. To improve this work, we propose using a
local meshless method. Further perspectives can be the ap-
plications of the assumed mode method (AMM), which has
proved his efficiency for the mechanical analysis of embed-
ded plates ([94,95] and the references therein) for the analy-
sis of box culverts.
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