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Abstract: Heavy duty computer numerical control machine tools have characteristics of large self-weight, load 
and. The insufficiency of foundation bearing capacity leads to deformation of lathe bed, which effects 
machining accuracy. A combined-layer foundation model is created to describe the pile group foundation of 
multi-soil layer in this paper. Considering piles and soil in pile group as transversely isotropic material, 
equivalent constitutive relationship of composite foundation is constructed. A mathematical model is established 
by the introduction of boundary conditions, which is based on heavy duty computer numerical control  
machine tools-composite pile foundation-soil interaction system. And then, the response of different soil  
and pile depth is studied by a case. The model improves motion accuracy of machine tools.  
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

The dynamic foundation-soil-foundation 
interaction phenomenon has long been recognized as 
an important factor machine vibration response of 
environment. Hence, Heavy-duty machine tools-pile 
foundation-soil interaction effects need to be 
considered to avoid excessive overestimation of 
portions of the machining response in design project.  

At present, the research on structure-foundation-
soil is mainly used in the field of civil engineering, 
the mathematical model for the machine-foundation-
soil interaction system of machine is less. LIU 
Jingbo, et al [1] presented three dimensional finite 

element methods for analysis of dynamic response of 
large dynamic machine foundation considering soil-
structure interaction. Quantitative analysis of major 
factors which affects dynamic response of large 
machine foundation was performed by numerical 
experiments and some useful conclusions. Wang 
Zanzhi [2] calculated the soil foundation 
displacement under vertical vibration power of 
harmonic disturbance force. HUO Xu-ping, et al [3] 
studied the effects of initial membrane stress and 
thermal stress considering weakening deformation. 
Wei, Wen-Hui, et al [4] analyzed dynamic response 
of large dynamic by nonlinear vibration time 
historical method. Salah, et al [5] studied effects of 
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these parameters on the foundation natural 
frequencies by changing reinforced foundation shape. 
Mark, et al [6] studied measures of mitigating 
dynamic effects on impact machine foundations. 
Pradhan et al [7] presented equation of dynamic 
model considering soil – machine interaction in 
layered soil. Jaya [8] presented equation of dynamics 
model using cone frustums foundation. Kumar et al 
[9] designed experiments of the effect of two 
different combinations of a spring mounting base and 
a rubber pad sandwiched between the machine base 
and its concrete footing block. 

This paper presents a study on the dynamic 
response of interaction system. A mathematical 
model is established by the introduction of composite 
pile foundation, as well as effect of boundary 
conditions of joint surface. These solutions can be 
used to calculate dynamic response of different size 
of composite pile foundation. 
 
 

2. System Modeling 
 

For foundation vibration analyses simple models, 
which fits the size and economics of the project and 
require no sophisticated computer code are better 
suited. Considering piles and soil in pile group as 
transversely isotropic material, a combined-layer 
foundation model is created to describe the pile group 
foundation of multi-soil layer in this paper (Fig. 1). 
The contact features of joint surface are simulated 
with a spring-damping element. 

Motion equations: 
 

( ) ( ) ( ) ( )Mu t Cu t Ku t F t+ + =   
 
 

 
 

Fig. 1. System model. 
 
 
2.1. Inter-structure Boundary 
 

Joint surface of heavy duty machine tools is 
calculated with Yoshimura method [10], first of all, 
the parameter identification method of multi-support 
excitation is used to identify the dynamic parameters 
of joints of small-size samples. The joint surface 
stiffness and damping per unit area are acquired by 
the experiments. Then, the stiffness and damping 
values of joint surface is obtained by unit area of 

surface stiffness and damping integral. The 
equivalent stiffness and equivalent damping 
coefficient can be expressed: 
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where nP  is the normal pressure of joint surface, ( )1 nk P  
is the equivalent stiffness of tangential unit area, 

( )2 nk P  is the equivalent stiffness of normal unit area, 
( )1 nc P  ( )2 nk P  is the equivalent damping of normal unit 

area, ( )2 nc P  is the equivalent damping of normal unit 
area. 

Parameters of boundary conditions are obtained 
by above method (Table 1). 
 
 

Table 1. Parameters of boundary conditions. 
 

Joint surface name X (N/mm) Y (N/mm) Z (N/mm)
Column-beam 55453 2e12 2e12 
Column-sliding seat 39825 457982 2e12 
Beam-sliding plate 8700 1 1 
The-slide seat 45000 2e12 2e12 
Bed-cap 4e9 4e9 4e9 
 
 

2.2. Pile-soil Structure Boundary 
 

Goodman et al. [11] studied a zero-thickness four 
node rock joint element (Goodman element) to 
describe the shear displacement of two dimension 
rock joint, and the stiffness matrix expression was 
given by normal and tangential. 
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where n  for normal; τ  for tangential 
Wang Man-Sheng et al. [12] studied damping 

simulation based on Goodman element, considering 
the problem of dissipation of energy under the 
interaction between soil structures. Damping matrix 
of contact element: 

 

[ ] [ ]i
i i

i

C K
λ
ω

= , 

 

where iλ  is the damping ratio of soil-structure, iω  is 

the vibration frequency of soil. 
 
 

2.3. Compute Artificial Boundary Conditions 
 

Compute artificial boundary conditions of 
foundation is the prerequisite to build a mathematical 
model of heavy-duty machine tools-cushion cap-



Sensors & Transducers, Vol. 179, Issue 9, September 2014, pp. 29-35 

 31

composite pile foundation-soil system. Deeks [13] 
presented the artificial boundary condition of stick-
elastic under the assumption that two-dimensional 
scattering wave was cylindrical. It is equivalent to set 
the damper and spring at the same time on the 
artificial boundary. The spring and damping 
coefficient is as follows: 

 

/ (2 )bi si biK G R=    bi i siC Vρ=  
 

where 2 2
bi

R x y= +  is the distance from node 

to source, bi
C , bi

K  is the stiffness and damping of 

artificial boundary node, si
G , i

ρ  is the shear 

modulus and mass density of the i layer soil, 
22 1/ [ ( )]

si i si i
E v V ρ+ =  is the relationship 

between spring modulus and Poisson ratio. 
 
 

2. Pile-Soil Composite Foundation Model 
 

The modulus of composite foundation are 
necessary parameters to design and compute 
composite foundation, extension and application of 
this technology and its application had created good 
social and economic efficiency [14-16]. 
 
 
2.1. Constitutive Equation of Composite  

Pile Foundation 
 

Pile foundation of heavy duty machine tools can 
be considered as composite materials at the macro 
level [17, 18]. 
 
 

    
 

(a) (b) 
 

Fig. 2. Pile-soil composite foundation model. 
 
 

Make assumptions as follows 
1) Assume that materials are linearly elastic 

material, the average stress is: 
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The average strain is: 
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where V is the total volume, pV , snV  are the volume 

of material P  and nS ; n  is the number of piles, r  is 
the radius of the pile; ij

Pσ , ij

Pε are the stress and strain 

of P ; ij

Snσ , ij

Snε are the stress and strain of nS . 
The ratios of the volume: 
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2) The material is assumed to be a transverse 

isotropic material, isotropic in x-y plane and 
anisotropic in z direction, the composite material 
approximately has the mechanical property in  
x-y plane. 

3) Assuming that heterogeneous material 
continuous at boundaries, ignore the existence of the 
interface, there is no relative movement between soil 
and pile foundation. Then heterogeneous material can 
be considered as deformable coordination in the pile 
deformation direction that means the deformation is 
equal. According to the assumption (2), stress 
equivalent conditions can be expressed as: 
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where (1, )n n=  . 

According to the assumption (3), strain 
coordination condition can be expressed as:   
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(4b) 
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When isotropic surface of isotropic foundation is 
level, constitutive equation of composite foundation: 

 
 { } [ ]{ }Aε σ= , (5) 

 

where { }σ  is the average stress matrix, { }ε  is the 

strain matrix. [ ]A  is the flexibility matrix, expressed 

in matrix equation: 
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where 1E , 1μ  are the average young modulus and the 
poisson ratio of heterogeneous material in Isotropic 
surface; 2E , 2μ  the average young modulus and the 
poisson ratio of heterogeneous material in normal 
direction; 2G  is the average shear modulus of 
heterogeneous material . 

Obtained from the Eq. (2): 
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Obtain:  
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According to the formula  (4 b), for the material P  

we can get: 
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For the material nS :  
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According to Eq. (6): 
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Substituting Eq. (8) into Eq. (7b) yields: 
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Substituting Eq. (4a) into Eq. (10) yields: 
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Obtain:  
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Comparing Eq. (9) with (11b):  
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The solution of (12) is given by: 
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According to Eq. (4b) give rise to: 
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According to Eq. (1) give rise to: 
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Substituting Eq. (14) into Eq. (15) yields: 
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For material P , the solution of (4b) is given by  
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For material nS  
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The solution of (6) is given by  
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Substituting Eq. (17) into Eq. (18) yields: 
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Substituting Eq. (14) and Eq. (15) into Eq. (19) 

yields:  
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Comparing Eq. (9) with (11b): 
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For material P and nS : 
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The solution of (2) is given by:  
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Substituting Eq. (4) into Eq. (23) yields:  
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The solution of (6) is given by: 
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Comparing Eq. (6) with (24): 

 
 

2
P Sn

P Sn Sn P

G G
G

G Gλ λ
=

+
, (26) 

 
When the pile material all made up of material 

P , which means 1Pλ = , 0Snλ = , hence 

1 pE E= , 1 pμ μ= , 2 = pE E , 2 pμ μ= , 

2 PG G= .  

This shows that elastic constant of composite 
material is the same as material P , it also explains 
that composite material degenerates into an isotropic 
box-foundation.  
 
 
2.2. Composite Foundation Element  

Stiffness Matrix  
 

Composite foundation element is 4-node 
quadrilateral element, stiffness matrix is given by: 
 

 
e

e T

A
K B DBdA t= ⋅ , (27) 

 

where -1D A= . 
 
 
2.3. Composite Foundation Element 

Damping Matrix and Mass Matrix 
 

Composite foundation media damping is the 
dynamic performance of the structure, though the 
media damping is objective, it has very complex 
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mechanism. Therefore, it needs to abstract the media 
damping as a mathematical model convenience to 
calculate. Damping model of Rayleigh is most widely 
used in media damping, based upon equivalence 
principle to determine parameter. 

 
[ ] [ ] [ ]C M Kα β= +  

 

Four nodes unity mass matrix is used in element 
mass matrix: 
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3. Dynamic Response of Different  
Soil Layer 

 

For example, a heavy-duty machine tools with 
dimension of the profile 10 m×5 m, composite pile 
foundation is constituted by two-layer horizontal soil 
with different soil parameters. This paper analyzes 
the dynamic response on the premise that the first 
layer of soil property remained unchanged, changing 
the second layer of soil to three different soil 
property. This paper uses surging force to simulate 
the shock load generated from the starting of heavy 
duty machine tools. The point of machining cutting 
tool as observation point, and analyze the influence 
rules of soil property and depth of pile on the 
precision of machine tools. Where modulus of 
compression, poisson ratio and mass density of soils 
as follows [19]: 
 
 

Table 2. Parameters of soil properties. 
 

Parameters 
Soil 

2
1( / )E N m  v  

3(kg / )mρ

The First kind of soil 4.91×107 0.35 1850 
The Second kind of soil 3.59×107 0.3 1800 
The Third kind of soil 2.3×107 0.35 1750 
 
 

3.1. Dynamic Response of Different Soil 
 

In this paper, the maximum amplitude in the z 
direction was collected from time 0 till the amplitude 
is 0, ignoring the scatter beyond the trend. Notice that 
from Fig. 3, when the soil property of second layer of 
soil was changed, the maximum amplitude in the z 
direction increased to 0.28 mm from 0.19 mm, the 
response time reduced to 0.7 s from 2.2 s, that shows 
the dynamic response of heavy duty machine tools 
was effected by the stiffness of foundation. The 
maximum amplitude increases with decreasing the 
stiffness of foundation and decreases with time .The 

oscillation times of heavy-duty machine tools 
decreases significantly according to the number of 
the maximum amplitude, that shows the soft soil is 
provided with the ability of reducing vibration while 
hard soil magnify the shock. To avoid the shock 
magnified and the maximum amplitude increased to 
much, it is important to choose appropriate soil 
property. Notice that soil property plays a key role in 
machining of heavy duty machine tools. 
 
 

 
 

Fig. 3. The maximum amplitude from three kinds  
of soil effect. 

 
 
3.2. Dynamic Response of Different  

Pile Depth 
 

Dynamic response of System is studied by 
Keeping the first layer of soil and changing in second 
layer soil depth. Dynamic response can be calculated 
by changing the kinds of soil depth from 5 m to 10 m. 
With the increase of the second soil depth, especially 
between 5 m and 8 m, Z direction vibration 
amplitude is getting smaller. The effects of amplitude 
becomes smaller and smaller and the kinds of soil can 
be ignored when the pile depth approaches to a 
certain extent.  
 
 

 
 

Fig. 4. The maximum amplitude in Z direction. 
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4. Conclusions 
 

1) In this paper, a method is proposed applicable 
to pile group foundation of multi-soil layer, which is 
used to calculate constitutive equation of composite 
pile foundation. Considering piles and soil in pile 
group as transversely isotropic material, equivalent 
constitutive relationship of composite foundation is 
constructed. The constitutive equations of composite 
pile foundation of different soil properties can be 
simulated by changing the parameters of soil 
constitutive. The model reduces the difficulty of the 
finite element calculation. 

2) Considering boundary conditions of joint 
surface and artificial boundaries, heavy duty machine 
tools – composite pile foundation-soil interaction 
system model was created. Influence degree on 
precision can be calculated by the model.  
Thus important theoretical basis is provided for 
improving precision of machine tools reasonably  
and economically. 

3) The dynamic responses of the three different 
soil and size of pile were analyzed. Results show that 
vibration time decreases and vibration peak increases 
with weakening soil. Vibration peak decreases with i 
the increasing size of pile. A law of dynamic 
characteristics of heavy duty machine tools-
composite pile foundation-soil Interaction System  
is developed. 
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