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Abstract: Machine tools foundations are very important element of these machine structures. Deformations for 

foundations under static load are studied in present work, the effect of changing stiffening plates shape and 

cutting conditions such as type of cutting process and angle of cutting forces on these deformation are 

investigated using finite element program (ANSYS5.4) also effects of these parameters on the foundation 

natural frequencies are obtained.   
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1.Introduction: 
 

To perform satisfactorily a machine tool must be 

both statically and dynamically rigid. Its static 

stiffness determines its ability to produce 

dimensionally accurate parts and its dynamic 

stiffness affects the quality of the component’s 

surface finish and the maximum metal removal rates 

that can be achieved[1]. 

It is essential therefore to be able to specify and 

subsequently measure the static stiffness of machine 

tool foundations,  in order to ensure that the correct 

level of support is provided and that the machine 

tool alignment accuracies are achieved [2, 3].  

For a satisfactory machine installation the 

foundation stiffness must first be specified based 

upon the required alignment tolerances for the 

machine, as specified in the appropriate ISO 

standard for the particular machine configuration 

e.g. ISO 3070 Part 2 for a large Moving Column, 

Horizontal Ram Type milling machine and ISO 

8636 Part 2 for a Moving Gantry Vertical Ram Type 

milling machine. The stiffness specification for the 

foundation must state a number of criteria and the 

associated tolerances [1]. 

 

The following requirements should be satisfied from 

the design point of view [4]: 

1. The foundation should be able to carry the 

superimposed loads without crushing 

failure. 

2. The settlements should be within the 

permissible limits. 

3. The combined center of gravity of machine 

and foundation should as far as possible be 

in the same vertical line as the center of 

gravity of the base plane. 

4. No resonance should occur, hence the 

natural frequency of foundation-soil system 

should be either too large or too small 

compared to the operating frequency of the 

machine. For low-speed machines, the 

natural frequency should be high, and vice-

versa. 

5.   The amplitudes under service condition 

should be within permissible limits. The 

permissible limits are generally prescribed 

by machine manufacturers. 

6. All rotating and reciprocating parts of a 

machine should be so well balanced as to 

minimize the unbalanced forces or 

moments. This is generally the 

responsibility of the mechanical engineers. 

7. Where possible, the foundation should be 

planned in such a manner as to permit a 

subsequent alteration of natural frequency 

by changing base area or mass of the 

foundation as may subsequently be found 

necessary. 

 

In principle machine foundations should be 

designed such that the dynamic forces of machines 

are transmitted to the soil through the foundation in 

such a way that all kinds of harmful effects are 

eliminated [5] 
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Z. Huang and S. Hinduja, show how the cost of an 

existing foundation for a large machine can be 

minimized by optimizing the parameters which 

define its shape whilst maintaining the required 

stiffness. The parameters considered include the 

thickness of the concrete in the machine pit and the 

platform, the cross-sectional area and the amount of 

reinforcement in the piles, the number of piles and 

the spacing between them. The foundation is 

optimized using two- and three-dimensional models. 

Both these models have been optimized for different 

loading conditions and varying stiffness.A non-

linear unconstrained optimization technique 

combined with the finite element method has been 

used to obtain the optimal designs[6]. 

A. Myers et al present a novel technique for 

accurately measuring the static stiffness of a 

machine tool concrete foundation using various 

items of metrology equipment. The foundation was 

loaded in a number of different ways which 

simulated the erection of the machine, traversing of 

the axes and loading of the heaviest component. The 

results were compared with the stiffness tolerances 

specified for the foundation which were deemed 

necessary in order that the machine alignments 

could be achieved. This paper is a continuation of 

research previously published for a FEA of the 

foundation [1]. 

SHAMSHER PRAKASH VIJAY K. PURI 

discusses the methods of analysis for determining 

the response of foundations subjected to vibratory 

loads. The design of a machine foundation 

isgenerally made by idealizing the foundation- soil 

system as spring-mass –dashpotmodel having one or 

two degrees of freedom. Most machine foundations 

aretreated as surface footing and the soil spring and 

damping values are determined usingthe elastic-half 

space analog. The spring and damping values for 

response of embeddedfoundations can also be 

determined from the elastic half space concept as 

per Novak‟s work. The soil spring and damping 

values can also be obtained following the 

impedance–compliance function approach. The 

paper also presents a brief discussion of 

thepredicted and observed response of machine 

foundations[7] . 

LOREDANA THEODORA PAUN et al, studied a 

structure for a multifunctional machine 

toolcomposite materials based on analysis, in static 

regime, of. The multifunctional machine is designed 

for processing by turning, milling, drilling,boring, 

mortising, toothing and grinding. However, the 

analysis was done only for turning.One of the news 

brought by this machine is that its structure is made 

mostly, of composite materials. The simulation was 

madein order to determine the total strain, maximum 

tension, the equivalent tension for shearing and 

displacements[8]. 

 

K.G. Bhatia, highlights need for a better interaction 

between foundation designer and 

machinemanufacturer to ensure improved machine 

performance. The paper also describes the 

designaids/methodologies for foundation design. 

Various issues related to mathematical modeling 

andinterpretations of results are discussed at length. 

Intricacies of designing vibration isolation system 

forheavy-duty machines are also discussed. 

Influences of dynamic characteristics of foundation 

elements,viz., beams, columns, and pedestals etc. on 

the response of machine, along with some case 

studies, arealso presented. The paper also touches 

upon the effects of earthquakes on machines as well 

as on theirfoundations. Use of commercially 

available finite element packages[9]. 

 

NICOLAE–DORU STĂNESCU and STEFAN 

TABACU, propose a simple system with two 

degrees of freedom based on anon-linear elastic 

element and the hypothesis for the coefficients of 

the elastic force. Forthis system, it isproved in the 

present paper that the motion is stable, but not 

asymptotically stable. A comparison between 

thenon-linear case and the linear case is performed, 

and for the both cases the eigenpulsations are also 

determined. All theoretical results are validated by 

numerical simulation. Finally, they considered the 

general case[10]. 

 

NICOLAE–DORU STĂNESCU and STEFAN 

TABACU, propose a simple system with two 

degrees of freedom based on anon-linear elastic 

element and the hypothesis for the coefficients of 

the elastic force. For this system, it isproved that the 

motion is stable, but not asymptotically stable. A 

comparison between thenon-linear case and the 

linear case is performed, and for the both cases the 

eigenpulsations are alsodetermined. All theoretical 

results are validated by numerical simulation[11].  

 

2. Force relation ship:  

 
Several forces can be defined relative to the 

orthogonal cutting model. Based on these forces, 

shear stress, coefficient of friction, and certain other 

relationship can be defined.  
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2.1 Force in metal cutting:  

Consider the forces acting on the chip during 

orthogonal cutting, as sketched in Fig. (1).  

 

 

 

 

 

 

 

Fig.(1):Cutting force components 

The forces applied against the chip by the tool can 

be separated into two mutually perpendicular 

components:  

1. Friction force (F): This is the friction force 

between the tool and ship resisting the flow 

of the ship along the rake face of the tool.  

2. Normal force to friction (N).  

µ =  
𝐹

𝑁
……………… 1  

The friction force and normal force can be added 

vectorially to form a resultant force (R).  

(R) is oriented at an angle (𝛽) is called the friction 

angle. The friction angle is related to the coefficient 

of friction as  

µ = tan  𝛽 

In addition to the tool forces acting on the chip, the 

work imposes tow force components on the ship.  

3. Shear force (FS): this is the force that causes 

shear deformation to occur in the shear 

plane.  

4. Normal force to shear (FN). This force is 

normal to the shear force.  

Based on the shear force, we can define the shear 

stress that acts along the shear plane between the 

work and the chip.  

𝜏 =  
𝐹𝑠

𝐴𝑠
 …………………… (2) 

Where As = area of the shear plane. This shear 

plane area can be calculated as 

:𝐴𝑠 =  
𝑡𝑜𝑤

𝑠𝑖𝑛∅
……………… . .  3  

       The shear stress determined by eq.(2) represents 

the level of stress required to perform the machining 

operation. In principle, this stress is equal to the 

shear strength of the work material under the 

conditions at which cutting occurs.  

Two additional force components can be directly 

measured. These two components act against the 

tool: 

5. Cutting force (Fc): this force is in the 

direction of cutting. 

6. Thrust force (Ft): This force in the direction 

of to.  

It is perpendicular to the cutting force.The cutting 

force and thrust force are shown in the Fig. (2), 

together with their resultant force (R").  

 

 

 

 

 

Fig.(2): Thrust and Tangential and their 

resultant 

 

By using force diagram in Fig. (3) the following 

trigonometric relationships can be defined:  

𝐹 = 𝐹𝑐 sin ∝  +𝐹𝑡𝐶𝑂𝑠 ∝ ⋯……… .  4  

Ň = 𝐹𝑐𝑐𝑜𝑠 ∝ −𝐹𝑡𝑠𝑖𝑛 ∝ ⋯……… . . (5) 

𝐹𝑠 = 𝐹𝑐𝑐𝑜𝑠∅ − 𝐹𝑡𝑠𝑖𝑛∅……………… 6  

𝐹𝑛 = 𝐹𝑐𝑠𝑖𝑛∅ + 𝐹𝑡𝑐𝑜𝑠∅…………… . . (7) 

Note. That in the special case of orthogonal cutting 

when the rake angle ∝ = 𝑜 Eq. (4) and (5) reduce to 

F=Ft and N = Fc, respectively. Thus, in this special 

case, friction force and its normal force could be 

directly measured by the dynamometer.  

Cutting force and thrust force are related to the shear 

strength of the work material. The relationship can 

be established in a more direct way.  
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Recalling from eq.(2) that the shear force Fs = 𝒯 As, 

the force diagram of Fig. (3) can be used to derive 

following equations: 

 

 

 

 

 

 

 

 

 

Fig.(3): Cutting force Daigram 

𝐹𝑐 =  
𝑇𝑡𝑜𝑤 cos 𝐵−∝ 

𝑠𝑖𝑛∅cos⁡(∅ + 𝐵−∝)
…………… 8  

Or 

𝐹𝑐 =  
𝐹𝑐 cos 𝐵−∝ 

cos ∅ + 𝐵−∝ 
…………… . .  9  

And 

𝐹𝑡 =
𝑆𝑡𝑜𝑤 cos 𝐵−∝ 

𝑠𝑖𝑛∅cos⁡(∅ + 𝐵−∝)
……………… . .  10  

Or  

𝐹𝑡 =
Fs sin  𝐵−∝ 

cos⁡(∅ + 𝐵−∝)
……………… . .  11  

These equations allow one to estimate cutting force 

and thrust force in an orthogonal cutting operation if 

the shear strength of the work material is known. 

2.2  Approximation of turning by orthogonal 

cutting:  

The orthogonal model can be used to approximate 

turning and certain other single – point machining 

operations as long as the feed in these operations is 

small relative to depth of cut. Thus most of cutting 

will take place in the reactionof the feed, and cutting 

on the nose of the tool will be negligible Fig.(4) 

indicates the conversion from one cutting situation 

to the other part (a) shows turning operation, while 

part (b) depicts the corresponding orthogonal case.  

 

Fig.(4): Orthogonal cutting force components 

 

The interpretation of cutting conditions is different 

in the two cases. The ship thickness before the cut 

(to) in orthogonal cutting corresponds to the feed in 

turning and the width of cut (w) in orthogonal 

cutting corresponds to the depth of orthogonal 

model corresponds to the depth of cut in turning. In 

addition, the thrust force in the orthogonal model 

corresponds to the feed force (Tf)  (that is, the force 

on the tool in the direction of feed) in turning. 

Cutting speed and cutting force have the same 

interpretations in the two cases[12]. 

3.Modeling of the Machine 

Foundation:  
 

The structure was modeled using a shell-

64(elastic shell) element, in a 3D modeling program 

and after it was imported into a simulation program 

as a whole. Simulation of the static behavior of the 

structure for the multifunctional machine for turning 

processing it was performed using ANSYS 5.4, a 

finite element program. The whole assembly was 

meshing using 5272elements and 8470 nodes. The 

structure is shown in Fig. (5). 

The simulation was made in order to determine 

maximum displacements (translation or rotation) on 

the three axes X, Y and Z. 
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Fig.(5):Shell 63 used in building the foundation 

models 

 

 

 

Table (1): The calculated values of cutting and 

thrust forces. 

Shear(𝑛/𝑚2) 
Rake 

angle(°) 

Cutting 

force(𝑛) 

Thrust 

force(𝑛) 

 

 

40 

-5 816.718 597.549 

0 854.015 640.490 

10 713.076 381.882 

 

25 

-5 510.262 354.588 

0 533.105 399.816 

10 445.528 238.598 

 

 

130 

-5 2653.326 1843.860 

0 2772.150 2079.044 

10 2316.745 1240.713 

 

4. Discussion: 

Nine models of structures are built using  ANSYS 

5.4 with different stiffeners shape as shown in 

Fig.(6) and two boundary conditions had been taken 

in present work as follows: 

a) All points of the lower face of the 

structure are built with the ground 

directlyFig.(7-a).  

b) Some of points are built with the ground 

as shown in Fig. (7-b ). 

The force and moment are applied on the models 

with variable cases depending on variation of rake 

angle of cutting with three values (-5 º,   0 º, 10 º), 

this change of angles tends to load more in 

compression and less in shear, thus favoring the 

high compressive strength of these harder materials 

[12], so use cemented carbide with previous values 

of  rake angle. 

Three types of materials had been chosen (steal SAE 

4340 annealed, Monel metal 70Ni-30Cu and 

Ttanium 99.0 Ti annealed) so that the shear stress 

would be various.Depending on these values of 

shear and rake angle by using equations (3, 4) we 

getnew values of cutting and thrust forces, for each 

case as follow in table (1),the cutting force plus the 

weight of chosen machine (2000Kg) had been 

applied on the models and thrust force translated to 

bending  moment on the foundation of machine, for 

each case we get on the translation and quotation as 

follows : 

1. From results table(2,3 and 4),for three 

types of materials we noticed that in each 

model from nine models the rake angle (10 º 

) get lowest values of translation, that mean 

the rake angle (10 º) is the best value of rake 

angle chosen for cutting. And the lowest 

value of translation in model (1) equal to 

(2.9674E-5) m. 

Similar try for nine models with each type 

of material the rake angle (0 º) is getting 

largest values of translation so the value (0 

º) is the worst in present work.  

2. From results table(2,3 and 4),  we noticed 

that the rotation and translation values of 

structures increased with shear stress 

increase, that is mean the steel SAE 4340 

annealed gives highest results from the 

other materials for two boundary conditions.    

3.  The deformation results of structure explain 

the model (1) is the lowest translation with 

rake angle (10 º) and shear stress (25 N/m
2
), 

this is mean that the design (1) is the best 

design to current load applied with monel 

metal (70Ni-30Cu) and the value of 

translation is (2.9674E-5)m.  

So from the present work we get good 

results by using Monel metal with rake 

angle (10 º) for cutting  and model has mass 

(561.6 )Kg, so if  we  noticed table(5) we 

see the good design that chosen has 

lowmass. 

4. For each model we noticed that model (3) 

had value of translation (0.86354E-3) m, 
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with (0 º) rake angle for steel SAE 4340 

annealed, these value is the worst for two 

boundary conditions. 

5. From table(2,3 and 4), we noticed that the 

best results from (bc1) that is mean the 

foundation of machines must be built  with 

ground  directly for all points to get the best 

results. 

6. Frequency characteristics of machine 

foundation must be studied for safety and 

stability reasons therefore the first three 

mode shapes for the nine models are 

obtained as shown in Fig.(8) and their 

natural frequencies are tabulated in table(6). 

5. Conclutions: 
The present work investigates that the best 

value of rake angle chosen for cutting is 

angle (10 º) while the worst the rake angle is 

(0 º).Model (1) is the best design 

comparatively gets lowest values of 

translation,(2.9674E-5) m and lowest mass. 

We also noticed that model (3) is the worst 

for two boundary conditions and had value 

of translation (0.86354E-3) m, with (0 º) 

rake angle for steel SAE 4340 annealed. 

Building almost the point of the foundation 

(bc1) results in less deformation in all the 

models than that resulted from the second 

boundary condition (bc2), because the 

models stiffness with (bc1) is larger than for 

(bc2). 
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w    
Model(1) Model(2) Model(3) 

th    
Model(4) Model(5) Model(6) 

s    
Model(7) Model(8) Model(9) 

Fig. (6) :Types of Models 

 

 
(7-a):bc1                     (7-b):bc2 

 

Fig.(7): Types of boundary conditions. 
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Table (5): Mass for nine models. 
 

 

 

 

 

 

 

 

 

 

 

Table (6): First three Natural frequencies for nine models. 

Foundation No. 
First Natural Mode 

Freq.(Hz) 

Second Natural Mode 

Freq.(Hz) 

Third Natural Mode 

Freq.(Hz) 

Model (1) 418.32 428.71 444.88 

Model (2) 192.07 223.14 239.50 

Model (3) 107.10 139.06 195.79 

Model (4) 219.51 240.99 267.72 

Model (5) 109.62 141.46 199.52 

Model (6) 603.73 650.71 672.18 

Model (7) 226.03 242.49 266.25 

Model (8) 277.01 299.36 315.12 

Model (9) 152.90 273.31 286.68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Foundation No. Mass(Kg) 

Model (1) 561.6 

Model (2) 667.68 

Model (3) 524.16 

Model (4) 936 

Model (5) 1136.9 

Model (6) 1447.5 

Model (7) 873.6 

Model (8) 950.6 

Model (9) 987.6 
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