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Abstract.  Placing a machine footing over a small thickness of soil layer, which is located over 

a bedrock, could encounter many challenges due to the bed’s notable stiffness in comparison to 

the soil. The advantages of using rubbers to protect facilities (structures, machine foundations, 

nearby footings and equipment, etc.) from vibration and control its consequences are well known 

nowadays.  In this study, the benefits of employing a small thickness of rubber sheet (12 mm) 

on the dynamic response of a machine foundation which is located over four thicknesses of soil 

(210, 420, 630, and 840 mm) has been investigated. The soil layer is located over an artificial 

bedrock that is consisted of a thick concrete layer. The tests have been conducted in a vast test 

pit of size 2500×2500 mm and a depth of 840 mm by using a semi large-scale machine 

foundation model with a square concrete foundation of width 400×400×100 mm. It was observed 

that, by increasing the soil layer thickness, the resonant frequency and amplitude of the vibrating 

system decreases. Moreover, by employing a rubber sheet beneath the machine footing, the 

resonant frequency of the vibrating system significantly decreases especially for a small 

thickness of the soil layer. Although, using a rubber sheet could slightly increase the resonant 

amplitude, but the benefit of the resonant frequency-changing capability of the rubber sheet is 

too impressive by taking the resonant frequency of the system far enough from the unchangeable 

working frequency of the machine and preventing the resonant phenomenon to happen. 

1.   Introduction 

Machines have been used for centuries to ease the life of humans. As these machineries become more 

advanced, the generated vibration turned into an engineering problem, and protecting the machine’s bed 

and any facilities nearby became vital. Previous researches [1-20] have been investigated analytically, 

experimentally and numerically many methods to estimate the dynamic response of the machine 

foundations and well-known methods such as Mass-Spring-Dashpot and Modified Elastic Half-Space 

had introduced. However, the dynamic response of a machine foundation that is located over a small 

thickness of the soil is not well-known. As the thickness of the soil over a bedrock (artificial one, like 

concrete slab beneath a small thickness of soil or the real bedrock consist of significantly stiff soil) is 

not sufficient to almost dissipate the vibration which is generated by the machine foundation, it is 

expected the dynamic response of the machine foundation being affected by the bedrock. Some 

researchers have been investigated the effect of the soil thickness over an artificial bedrock on the 

https://www.sciencedirect.com/science/article/pii/S0266114407000623#!
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dynamic response of a machine foundation. Baidya and Krishna [21] found that the dynamic response 

of a machine foundation over a limited thickness of soil over a bedrock becomes independent from the 

bedrock as the soil thickness gets larger than 2.5 times the foundation width. A similar observation has 

been made by Ramesh and Prathap Kumar [22]. They found the thickness about 2.5 times the foundation 

width. 

The rubber has been used as a part of many dampers and energy dissipater equipment. Remarkable 

energy dissipation properties of the rubber and its application in geotechnical and earthquake 

engineering has been assessed by many researchers in many forms of sheets, grains, shredded etc. [13, 

23-30]. As the rubber has much smaller stiffness in comparison to the soil and considering its notable 

damping properties, it could be an ideal material to be used as a method to improve the dynamic response 

of machine foundations.  

In this study, the benefits of employing a rubber sheet (as it is simple to be used in comparison to 

other methods such as sand rubber particles mixture) to improve the dynamic response of a machine 

foundation which is located over a limited thickness of soil over an artificial bedrock, have been 

investigated.  

2.  Analytical Relations 

In this study, the Mass-Spring-Dashpot theory has been used and the motion equation (Equation 1) of 

the foundation back-calculated to reach the equivalent dynamic properties of the bed (G and  for 

equivalent shear modulus and equivalent total damping properties as Equations 3 and 4) corresponding 

to its dynamic response ( z , z and Z are vertical acceleration, velocity, and displacement, Zres is 

resonant amplitude and fres resonant frequency). The “me.e” is the total eccentricity mass and  is the 

angular frequency. 
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3.  Test Materials and Methods 

The soil has been used in this study was a Well Graded Sand (SW) according to the Unified Soil 

Classification System, ASTM-D2487-17 [31]. The maximum dry unit of the soil, the angle of internal 

friction (φ), the unit weight and moisture content of the test fill material was about 20.42 kN/m3,  40.5 

degrees, 19.5 kN/m3 and 2% respectively. The rubber has been used in this study was a rubber sheet of 

size 500×500 mm in plan and a thickness of 12mm with a density of  16.7kN/m3. 

The test has been conducted in a test pit of size 2500×2500 mm and a depth of 1340 mm in natural 

ground. The 500 mm concrete was cast at bottom of the test pit to form an artificial bedrock. Therefore 

the total available depth of the test pit which is ready to be filled with the backfill was about 840 mm.  
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A machine foundation model with a concrete foundation of size 400×400 mm and thickness of 100 

mm has been used. The apparatus has been subjected to the patent privilege [32, 33] by the name of 

FMRT apparatus and can estimate the dynamic response of the machine foundation and the equivalent 

dynamic properties of its bed by conducting Steady-State vibration test and Free Vibration test. The 

measurement system includes an electromotor that runs an oscillator, an inverter to control the 

electromotor frequency and a digital datalogger that logs the acceleration sensors and geophones data. 

All the electronic circuits and control systems including signal transfers are developed by the authors. 

In this study, a series of Steady-State vibration tests according to the Indian Standard [34] has been 

conducted by using four thicknesses of the soil over the bedrock (210, 420, 630 and 840 mm) and a 12 

mm thick rubber sheet at the frequency range of the 10-70 Hz by using the dynamic angular force of 

0.09744 N.m (total of 8 test) and total static weight of 2.1kN prepared by using concrete weights. Every 

layer was compacted by the FMRT apparatus to reach a unit weight of 19.5 kN/m3. The test program is 

illustrated in Table 1. 

Table 1. Test Program. 

Soil Thickness Ratio 

B/H 

Rubber Sheet 

Thickness 

(mm) 

Static Weight 

(kN) 

Dynamic 

Angular Force 

(N.m) 

Number of Tests 

0.525, 1.05, 1.575 ,2.10 0 2.1 0.9744 4 

0.525, 1.05, 1.575 ,2.10 12 2.1 0.9744 4 

 

4.  Results and Discussion 

The dynamic response of the FMRT apparatus located over four thicknesses of soil (210, 420, 630 and 

840mm) by employing or without employing a 12 mm thick rubber sheet is shown in Figure 1. It shows 

that the resonant frequency of the FMRT over a rubber sheet is less than a case of no rubber sheet. 

Moreover, it seems that by using a rubber sheet, the resonant amplitude as well as the vertical amplitude 

of the machine foundation model increases. However, by increasing the soil thickness, the variation of 

the resonant frequency and amplitude gets insignificant. 

Figure 2 shows the soil thickness ratio (H/B) variation versus resonant frequency, resonant 

amplitude, equivalent total damping ratio and equivalent shear modulus in the case of using a rubber 

sheet or without using a rubber sheet. It shows that in the case of using no rubber sheet, by increasing 

the H/B ratio the resonant frequency, resonant amplitude and equivalent shear modulus decreased and 

the equivalent total damping ratio increases up to the H/B = 1.575. By further increasing the H/B, the 

above parameters variation becomes negligible. Moreover, in the case of using a rubber sheet, it was 

observed that the resonant frequency, equivalent total damping ratio and equivalent dynamic shear 

modulus increases and resonant amplitude decreased up to the H/B = 1.575. Similar to the case of no 

rubber sheet, by further increasing the H/B, the variation of the above parameters becomes negligible. 

Therefore, the effective thickness of the soil over an artificial bedrock in this study was observed about 

630 mm or the effective depth of the soil was found 1.575 times of the foundation width. Moreover, it 

was observed that the resonant frequency and equivalent dynamic shear modulus of the system with a 

rubber sheet are smaller than the system without a rubber sheet and the vertical resonant amplitude and 

equivalent total damping ratio of the system with a rubber sheet is slightly larger than the system without 

a rubber sheet (note that this observation was due to small surcharge over the rubber sheet as the rubber 

damping properties is depends on the confining pressure and dynamic shear strain, this conclusion was 

provided by a previous study [13]).  



7th World Multidisciplinary Earth Sciences Symposium (WMESS 2021) 
IOP Conf. Series: Earth and Environmental Science 906 (2021) 012044

IOP Publishing
doi:10.1088/1755-1315/906/1/012044

4

 

 

 

 

 

 

  
(a) (b) 

  
(c) (d) 

 

Figure 1. The dynamic response of the FMRT apparatus over four thicknesses of soil, (a)210, (b) 

420, (c) 630 and (d) 840mm by employing or without employing a 12 mm thick rubber sheet 

 

The stiffness of the artificial bedrock is much smaller than the soil. Therefore, in the case of a small 

thickness of the soil, the stiffness of the bed has a much larger share of the equivalent stiffness/ 

equivalent shear modulus of the foundation models bed. By increasing the thickness of the soil up to the 

effective depth (H/B= 1.575 in this study) the bedrock’s stiffness share becomes negligible. In this study, 

it was observed that the effective depth of the soil over the bedrock was independent of the rubber sheet. 

However, the rubber sheet has a remarkable effect to reduce the resonant frequency especially for a 

small thickness of the soil (47% reduction). Reduction of the resonant frequency could be an 

improvement as it could take the resonant frequency far enough from an unchangeable working 

frequency of the machine foundation if it was needed. 
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(c) (d) 

Figure 2. The soil thickness ratio (H/B) variation versus (a) resonant frequency, (b) resonant 

amplitude, (c) equivalent total damping ratio and (d) equivalent shear modulus for the case of using a 

rubber sheet or without using a rubber sheet 

5.  Conclusions 

In this study, the effect of using a rubber sheet to improve the dynamic response of a machine foundation 

located over a limited thickness of soil over an artificial bedrock has been experimentally investigated. 

The following conclusion has been made; 

1) The effective depth of the soil over the artificial bedrock was found about 1.575 times the 

foundation width. 

2) Using a rubber sheet could decrease the resonant frequency of the machine foundation system especially 

in a case of a small thickness of soil over the bedrock. The reduction of the resonant frequency is an 

improvement as it can take the resonant frequency far enough from the unchangeable working frequency. 

3) The resonant amplitude of the machine foundation could slightly increase by using a rubber sheet. 

10

15

20

25

30

35

40

45

0 0.5 1 1.5 2 2.5

R
es

o
n

a
n

t 
F

re
q

u
en

cy
, 
f r

(H
z)

H/B

Without Rubber Sheet

With 12 mm Rubber Sheet

Deadweight= 2.1 kN

Dynamic Angular Force = 0.09744  N.m

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.5 1 1.5 2 2.5
V

er
ti

ca
l 

R
es

o
n

a
n

t 
A

m
p

li
tu

d
e,

 Z
 (

m
m

)

H/B

Without Rubber Sheet

With 12 mm Rubber Sheet

Deadweight= 2.1 kN

Dynamic Angular Force = 0.09744  N.m

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5

E
q

. 
T

o
ta

l 
D

a
m

p
in

g
 R

a
ti

o
, 


(%
)

H/B

Without Rubber Sheet

With 12 mm Rubber Sheet

Deadweight= 2.1 kN

Dynamic Angular Force = 0.09744  N.m

0

2000

4000

6000

8000

10000

12000

0 0.5 1 1.5 2 2.5

E
q

. 
D

y
n

a
m

ic
 S

h
ea

r 
M

o
d

u
lu

s,
  
G

 (
k

N
/m

2
)

H/B

Without Rubber Sheet

With 12 mm Rubber Sheet

Deadweight= 2.1 kN

Dynamic Angular Force = 0.09744  N.m



7th World Multidisciplinary Earth Sciences Symposium (WMESS 2021) 
IOP Conf. Series: Earth and Environmental Science 906 (2021) 012044

IOP Publishing
doi:10.1088/1755-1315/906/1/012044

6

 

 

 

 

 

 

Acknowledgement 

This paper includes results created within the project SGS-2021-005 Research, Development and 

Implementation of Modern Electronic and Information Systems. The project is subsidised from specific 

resources of the state budget for research and development. 

References 

[1] J. Crockett and R. Hammond, "The Dynamic Principles of Machine Foundations and Ground". 

Proceedings of the Institution of Mechanical Engineers. 160(1): pp. 512-531, 1949.  

[2] FABREEKA, "Foundation Isolation Solutions for Equipment & Machines.". International, Inc, 

2014. FAB 3000-050 06/14 

[3] G. Gazetas, "Analysis of Machine Foundation Vibrations: State of the Art". International Journal 

of Soil Dynamics and Earthquake Engineering. 2(1): pp. 2-42, 1983. 

https://doi.org/10.1016/0261-7277(83)90025-6 

[4] K.W.A. Kaream, M.Y. Fattah, and Z.S. Khaled, "Response of Circular Machine Foundation 

Resting on Sandy Soil to Harmonic Excitation". Journal of Engineering Science and 

Technology. 15(2): pp. 831-845, 2020.  

[5] B. Kirar, A.M. Krishana, and H.M. Rangwala, "Dynamic Properties of Soils for the Design of 

Machine Foundations", in Indian Geotechnical Conference. IIT Madras, Chennai, India, 2016.  

[6] J. Kumar and V. Boora, "Dynamic Response of a Machine Foundation in Combination With 

Spring Mounting Base and Rubber Pad". Geotechnical and Geological Engineering. 27(3): pp. 

379-389, 2009. https://doi.org/10.1061/(ASCE)0733-9410(1991)117:1(67) 

[7] J. Kumar and C.O. Reddy, "Dynamic Response of Footing and Machine With Spring Mounting 

Base". Geotechnical & Geological Engineering. 24(1): pp. 15-27, 2006. 

https://doi.org/10.1007/s10706-004-1806-y 

[8] S. Mbawala, "Behaviour of Machine Foundations Subjected to Vertical Dynamic Loading", in Faculty 

of Engineering, Built Environment and information technology. University of Pretoria. p. 297, 2015.  

[9] A. Swain and P. Ghosh, "Experimental study on dynamic interference effect of two closely spaced 

machine foundations". Canadian Geotechnical Journal. 53(2): pp. 196-209, 2015. 

https://doi.org/10.1139/cgj-2014-0462 

[10] G.P. Tschebotarioff and E.R. Ward, "The Response of Machine Foundations and the Soft 

Coefficients Which Affect It". Proc. 2ndlCSMFE. 1: pp. 309, 1948.  

[11] H. Venkateswarlu and A.M. Hegde, "Performance Evaluation of Geocell Reinforced Machine 

Foundation Beds", in Geocells. Springer: Singapore. pp. 199-223, 2020. 

https://doi.org/10.1007/978-981-15-6095-8_8 

[12] H. Venkateswarlu, K. Ujjawal, and A. Hegde, "Laboratory and Numerical Investigation of 

Machine Foundations Reinforced with Geogrids and Geocells". Geotextiles and 

Geomembranes. 46(6): pp. 882-896, 2018. https://doi.org/10.1016/j.geotexmem.2018.08.006 

[13] R. Zakeri, S.N. Moghaddas Tafreshi, A.R. Dawson, and D. Baidya, "Influence of Rubber Sheet 

on Dynamic Response of Machine Foundations". Construction and Building Materials, 2020. 

https://doi.org/10.1016/j.conbuildmat.2020.121788 

[14] O. Khalaj, M. Azizian, N. Joz Darabi, S.N. Moghaddas Tafreshi, and H. Jirková, "The Role of 

Expanded Polystyrene and Geocell in Enhancing the Behavior of Buried HDPE Pipes under 

Trench Loading Using Numerical Analyses". Geosciences. 10(7): pp. 251, 2020.  

[15] O. Khalaj, N.J. Darabi, S.N.M. Tafreshi, and Š. Jeníček. "Damping Ratio of Foundation Bed with 

Multi-layered Rubber-Soil Mixtures". in IOP Conference Series: Earth and Environmental 

Science. IOP Publishing. pp. 012008, 2019,  

[16] O. Khalaj, N.J. Darabi, S.N.M. Tafreshi, and H. Jirková. "Assessment the Role of Expanded-

Polysterene Block and Grogrid Layer on Behavior of Buried Pipeline". in IOP Conference 

Series: Earth and Environmental Science. IOP Publishing. pp. 012014, 2020,  



7th World Multidisciplinary Earth Sciences Symposium (WMESS 2021) 
IOP Conf. Series: Earth and Environmental Science 906 (2021) 012044

IOP Publishing
doi:10.1088/1755-1315/906/1/012044

7

 

 

 

 

 

 

[17] O. Khalaj, S.A. Nejad, and T. Janda. "Multi Elements Simulation of Biaxial Test with Two 

Different Soil Layers Using Hypoplastic Constitutive Model". in IOP Conference Series: 

Materials Science and Engineering. IOP Publishing. pp. 012001, 2021,  

[18] O. Khalaj, S.A. Nejad, and S. Jenicek. "The Effect of Geocell Reinforced Embankment 

Construction on the Behaviour of Beneath Soil Layers Using Numerical Analysis". in IOP 

Conference Series: Earth and Environmental Science. IOP Publishing. pp. 012015, 2020,  

[19] O. Khalaj, S.M.A.G. Siabil, M. Azizian, S.N.M. Tafreshi, B. Masek, M. Kepka, T. Kavalir, M. Krizek, 

and H. Jirkova, "Experimental and numerical investigation of expanded polystyrene (EPS) geofoam 

samples under monotonic loading". Geomechanics and Engineering. 22(6): pp. 475-488, 2020.  

[20] O. Khalaj, S.M.A.G. Siabil, S.N.M. Tafreshi, M. Kepka, T. Kavalir, M. Křížek, and Š. Jeníček. 

"The experimental investigation of behaviour of expanded polystyrene (EPS)". in IOP 

Conference Series: Materials Science and Engineering. IOP Publishing. pp. 012014, 2020,  

[21] D. Baidya and G.M. Krishna, "Investigation of Resonant Frequency and Amplitude of Vibrating 

Footing Resting on a Layered Soil System". Geotechnical Testing Journal. 24(4): pp. 409-417, 

2001. https://doi.org/10.1520/GTJ11138J 

[22] H. Ramesh and M. Prathap Kumar, "Stiffness of Finite Sand Stratum Under Vertical Vibrations". 

Proceedings of the Institution of Civil Engineers-Geotechnical Engineering. 166(3): pp. 299-

309, 2013. https://doi.org/10.1680/geng.10.00088 

[23] J. Bernal-Sanchez, J. McDougall, D. Barreto, M. Miranda, and A. Marinelli, "Dynamic Behaviour 

of Shredded Rubber Soil Mixtures", in 16th European Conference on Earthquake Engineering. 

Thessaloniki, 2018.  

[24] J.M. Kelly and D. Konstantinidis, "Mechanics of Rubber Bearings for Seismic and Vibration 

Isolation". John Wiley & Sons, 2011.  

[25] C. Lee, Q.H. Truong, W. Lee, and J.-S. Lee, "Characteristics of Rubber-Sand Particle Mixtures 

According to Size Ratio". Journal of materials in civil engineering. 22(4): pp. 323-331, 2010. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0000027 

[26] S.N. Moghaddas Tafreshi, N.J. Darabi, and A.R. Dawson, "Cyclic Loading Response of Footing 

on Multilayered Rubber-soil Mixtures". Geomechanics and Engineering. 14(2): pp. 115-129, 

2018. http://dx.doi.org/10.12989/gae.2018.14.2.115 

[27] A. Nakhaei, S. Marandi, S.S. Kermani, and M. Bagheripour, "Dynamic Properties of Granular 

Soils Mixed With Granulated Rubber". Soil Dynamics and Earthquake Engineering. 43: pp. 

124-132, 2012. https://doi.org/10.1016/j.soildyn.2012.07.026 

[28] K. Senetakis, A. Anastasiadis, and K. Pitilakis, "Dynamic Properties of Dry Sand/Rubber (SRM) and 

Gravel/Rubber (GRM) Mixtures in a Wide Range of Shearing Strain Amplitudes". Soil Dynamics 

and Earthquake Engineering. 33(1): pp. 38-53, 2012. https://doi.org/10.1016/j.soildyn.2011.10.003 

[29] H.H. Tsang, "Seismic isolation by rubber–soil mixtures for developing countries". Earthquake 

engineering & structural dynamics. 37(2): pp. 283-303, 2008.  

[30] R. Zakeri and S.N. Moghaddas Tafreshi, "Experimental Investigation on Behavior of Soil Bed  

Containing Rubber-Soil Mixture Layer". Sharif Civil Engineering. 35.2(2.1): pp. 123-132, 

2019. https://doi.org/10.24200/j30.2018.2116.2093 

[31] ASTM-D2487-17, "Standard Practice for Classification of Soils for Engineering Purposes 

(Unified Soil Classification System)", in D2487-17. ASTM: ASTM International, 2017. 

https://doi.org/10.1520/D2487-17 

[32] R. Zakeri and S.N. Moghaddas Tafreshi. Patent: "Laboratory and in-situ device to investigate the 

dynamic response of vibrating foundation, the bed of vibrating foundation, its vicinity area, 

and dynamic properties of bed", IRIPO.Iran, ^100878.139850140003000871, 2020. 

[33] R. Zakeri and S.N. Moghaddas Tafreshi, "Design and Construction of an apparatus for Evaluation 

of Dynamic Response of Machine Foundation and Equivalent Dynamic Properties of Subsoil 

Bed". Sharif Civil Engineering, 2021. doi: 10.24200/j30.2020.55755.2771 

[34] IS-5249, "Determination of Dynamic Properties of Soil-Method of Test", in 5249-1992. Indian 

Standard: Indian Standard, 1992.  


