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a b s t r a c t 

The stiffness matrices of the Euler–Bernoulli/Timoshenko beams are established based on 

the finite element method (FEM), while the solution of layered poroelastic soils with 

anisotropic permeability and compressible pore fluid is obtained with the analytical layer- 

element method. Then by introducing the conditions of the displacement harmony be- 

tween the beams and foundation, we can establish the final stiffness matrices of founda- 

tion beams. Three examples are conducted to compare the results of the proposed theory 

with those from the literatures or the ABAQUS modeling in order to prove the accuracy 

of the theory. Furthermore, several other numerical examples are carried out to analyze 

the effects of the property of the beam-soil system and the shear deformation and rotary 

inertia on the interaction problems. 

© 2016 Elsevier Inc. All rights reserved. 

1. Introduction 

The mechanical response of beams under external forces has been investigated for several centuries. Up to now, there 

are several theories for analyzing beams, where the simplest and most classic one is the Euler–Bernoulli beam theory (EBT) 

which only considers one general displacement variable (the deflection) and neglects the shear contribution to deformation. 

Although this theory has some shortcomings, it is still widely used for its simplicity and its accuracy for common beams. 

According to the length of beam, Hetényi [1] classified the Euler–Bernoulli beams resting on Winkler foundation in which 

the reaction of subgrade is determined by the independent vertical springs. Kaschiev and Mikhajlov [2] conducted the anal- 

ysis of the deflection of an elastic straight beam resting on a tensionless Winkler foundation with Newton’s method and the 

finite element method. Ioakimidis [3] studied an isotropic beam under bending conditions on a tensionless Winkler founda- 

tion by dividing the beams into several finite elements. Moreover, two-parameter soil model as a more accurate model than 

the Winkler one is investigated in interaction problems between beams and soils. In this two-parameter model, the reaction 

of the foundation is determined by a vertical spring constant k of the Winkler foundation in combination with a parameter 

k ∗, which can be seen as a horizontal linkage of the vertical springs. Zhao and Cooker [4] analyzed beams on two-parameter 

foundation by two kinds of finite element. Celep and Demir [5] analyzed an elastic beam on a two-parameter tensionless 

foundation. Basu and Kameswara Rao [6] derived the solutions for the steady-state response of an infinite beam resting on 

a viscoelastic foundation using two-parameter soil model. However, the parameters in two-parameter model are difficult to 

obtain, therefore this soil model is hard to be widely used in practice. What is more, the foundation is usually regarded 
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Nomenclature 

Symbols 

u r displacement in r direction [m] 

u z displacement in z direction [m] 

k h permeability coefficient in horizontal direction [ m / s ] 

k z permeability coefficient in vertical direction [ m / s ] 

G s shear modulus of soil [kPa] 

E s Young modulus of soil [kPa] 

n porosity of soil [dimensionless] 

J m 

the mth order Bessel function of the first kind [dimensionless] 

s Laplace transform parameter [dimensionless] 

e dilatation [dimensionless] 

Q total flow in the z direction within the time from 0 to t [m 

3 ] 

H depth of soil [m] 

h thickness of soil layer [m] 

L length of beam [m] 

l length of beam element [m] 

b width of beam [m] 

h b height of beam [m] 

q subgrade reaction [kPa] 

E b Young modulus of beam [kPa] 

I b beam’s moment of inertia [m 

4 ] 

q ∗ external load of beam [kPa] 

w deflection of beam [m] 

G b shear modulus of beam [kPa] 

A b beam’s cross-sectional area [m 

2 ] 

k # shear correction factor [dimensionless] 

Greek letters 

v Poisson’s ratio [dimensionless] 

β compressibility of the pore water [Pa −1 ] 

ξ Hankel transform parameter [dimensionless] 

σ excess pore water pressure [kPa] 

σ r normal stress in r direction [kPa] 

σ z normal stress in z direction [kPa] 

σ ij total stress component [kPa] 

ɛ ij strain component [dimensionless] 

γ w 

unit weight of water [ kN / m 

3 ] 

∇ 

2 Laplacian operator [dimensionless] 

δij Kronecker delta [dimensionless] 

θ rotation of beam [dimensionless] 

as elastic continuum materials. Selvadurai [7] gave a comprehensive overview of the problems of finite and infinite beams 

resting on an elastic half space. Recently, Ai et al. [8] analyzed an elastic foundation beams on multilayered isotropic soils 

by coupling of the finite difference method and the boundary element method (BEM). 

In some cases, beam cannot be simply regarded as the Euler–Bernoulli beam when its height-to-span ratio is bigger. 

Therefore, more and more researchers have paid attention to theories by taking the effect of shear deformation and rotary 

inertia into account. By introducing a neutral-plane rotation variable and the shear correction factor, Timoshenko’s beam 

theory (TBT) [9,10] can overcome the shortcoming of EBT which laid a firm foundation for deep beam theories. So far, 

there have developed several other theories considering the effect of the warping of the cross-section besides TBT. Levinson 

[11] derived a new theory for deep beams of rectangular cross-section with no arbitrary shear coefficient. On the basis of 

Hamilton’s principle, Bickford [12] derived a consistent higher order theory for the elastodynamics of beams based upon 

the kinematic and stress assumptions previously used by Levinson [11] . Shimpi [13] came up with a zero-order shear defor- 

mation theory whose governing equation only contains lateral deflection, physical properties and lateral loadings. Moreover, 

Auricchio and Sacco [14] proposed a first-order shear deformation laminate theory. Higher-order shear deformation theories 

for mode II fracture of unidirectional composites were further developed by Pavan Kumar and Raghu Prasad [15] . However, 

after complex calculation, it may be concluded that most of these theories can be turned into TBT with different shear 

correction factors except for the high-order one. 
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