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Hubble’s law, formulated by Edwin Hubble and Milton Humason in 1929, tells us that space is expanding. 
However, over short distances, flat gravity caused by the expanding universe is described by the inverse 
square law of Newtonian gravity. This leads to heretofore unsolved gravity anomalies, such as the 
pioneer anomaly, which involves an abnormal slowdown relative to the Sun of the Pioneer spacecraft 
and the galaxy rotation problem, whereby the rotational speed of heavenly bodies reaches a constant 
value instead of decreasing with distance from the galactic centre. The expanding universe adds an 
expansion term that was divided into a strain constant V0 for the recession rate v = H0D, and the 
gravitational potential −GM(1/r) of Newtonian mechanics for a stationary universe is replaced by 
−GM(1/r)(1 + v/V0). The expansion term becomes constant (G0 = GH0/V0) at large distances because the 
distance D and radius r cancel. Furthermore, the total gravitational mass [M0 = c

 3
/(2GH0)] of the 

observable universe affects the specific potential constant, which is multiplied by the observable 
gravitational mass to become −(G/r + G0)M. Flat gravity based on Hubble’s law which expanded 
Newtonian gravity is thus consistent with the gravity anomaly without assuming the existence of dark 
matter. When combined with Yukawa potential [αe 

(-r/λ)
], the gravity and the strong force can be unified 

[αe 
(-r/λ) 

－ 1](G/r + G0)M. 
 
Key words: Expanding universe, inverse square law, pioneer anomaly, galaxy rotation problem, recession rate, 
gravitational potential, stationary universe, gravitational mass, specific potential, dark matter. 

 
 
INTRODUCTION 
 
Several physical problems in astronomy still remain open. 
One is the “Pioneer anomaly”, which was noticed for the 
Pioneer 10 and 11 spacecrafts as they left the solar 
system. The anomaly involves the cause of the blueshift, 
which indicates a reduction in speed with respect to the 
sun and remains unidentified (Anderson et al., 1998). 
Another open problem is the “galaxy rotation problem” 
wherein the rotational speed of galactic matter does not 

decrease with distance from the galactic centre but 
remains constant (Zwicky, 1933, 1937). Neither of these 
problems can be explained by Newton’s universal law of 
gravitation. Some theories have been proposed to revise 
Newton’s law of gravity, such as modified Newtonian 
dynamics (MOND), which introduces a function that 
scales mass and that asymptotically approaches unity for 
accelerations greater than a constant acceleration defined 
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in the theory to be on the order of 10

−10
 m/s

2
 (Milgrom, 

1983). Another proposition is the modified gravitation 
theory (MOG), which expands the theory of general 
relativity and calls upon a fifth field of force to counteract 
gravity. However, this theory suggests that, because work 
becomes small at large distances, gravity must become 
relatively large, which would require the gravitational 
constant to change (Brownstein and Moffat, 2006). In 
addition, the dark-matter hypothesis invokes some 
unknown “dark” matter (that is, it does not emit radiation) 
that would account for the observed gravitational 
anomalies without requiring our current theory of gravity 
to be modified (Rubin et al., 1980). There is no rationale 
for the fifth field of force and dark matter remains 
undiscovered, so the debate is not settled. This paper 
approaches the problem by assuming an expanding 
universe, and that a gravitational interaction between all 
the observable gravitational mass of the universe is the 
cause of the gravity anomaly. Given this, the 
spatiotemporal evolution factor from Hubble’s law was 
first defined (Hubble, 1929) and from this the pioneer 
anomaly and the galaxy rotation problem was explained. 
 
 
METHODS 
 

Given these relationships, the gravity anomalies by using the 
specific potential and the equivalence principle of light’s momentum 
(LEP) was examined. 
 
 
Definition of specific potential 

 

Consider the equation v = H0D, where v is the speed (that is, 
recession rate) at which heavenly bodies move away from an 

observer and D is the distance from the observer to the heavenly 
bodies. The proportionality constant H0 is the Hubble constant and 
determines the recession rate of the current universe. As of 2013, 
the most accurate value for the Hubble constant, which comes from 
the Planck observation, is 67.80 ± 0.77 km/s/Mpc (Ade et al., 2013). 
This recession rate is divided into the recession strain constant V0 
(m/s) and is converted into the recession strain e for the cosmic 
expansion: 
 

0

0 0
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The relationship between the recession strain e and the recession 
stretch Λ is 
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These equations are expressed by using the ratio of the 
transformation of the initial state of the spatiotemporal evolution. In 
addition, we must ask if the recession of galaxies (due to cosmic 
expansion), and the existence of recession strain and stretch where 
no expansion occurs are valid before and after unification. Consider 

the specific potential Gx obtained by multiplying the recession 
stretch by the gravitational constant and dividing the product by 
distance: 
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The specific potential Gx (J/kg

2
) multiplied by the active gravitational 

mass Ma (kg) gives the potential GxMa (J/kg). The potential GxMa 
(J/kg) multiplied by the passive gravitational mass mp (kg) gives the 
potential energy GxMamp (J). To obtain the specific potential constant 
G0, the Hubble constant was multiplied by the gravitational constant 
and the product divided by the recession-strain constant V0: 
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Kepler's 3rd law based on LEP 

 
Centripetal force F to be constant velocity circular motion the inertial 
mass mi is 
 

./2
i

2
i rvmrωmF             (5) 

 
By the active gravitational mass Ma and passive gravitational mass 
mp, universal gravitation is 
 

./ 2
pa rmGMF                (6) 

 

By using Equations (5) and (6), the equilibrium of forces is: 
 

.2
pa

2
i /rmGM/rvm             (7) 

 
By using Equations (7) and using the equivalence principle of light’s 
momentum (LEP) γ = c /w = mi /mp , the equilibrium of potential 
energies is: 
 

.)( ia
2

i /r/γmMGvm             (8) 

 
By using Equations (5) and (8), the equilibrium of potentials is: 
 

.)( a
222 /r/γMGrωv             (9) 

 
By using Equations (2) and (9), the equilibrium of potentials in 
consideration of the recession stretch Λ is: 
 

.)( a
222 /r/γMΛGrωv            (10) 

 
By using Equations (3) and (10) and using ω = 2π/T, Kepler's 3rd 
law r 

3
 = aT 

2
 based on LEP is 
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Figure 1. [The red dotted line is 7.84 ± 0.01 × 10−10 m/s² (Turyshev and 

Toth, 2010), and the pink circle is Discussion Point A, B. ] to [ Figure 3 
(Turyshev et al., 2012): Comparison of the thermally-induced and 
anomalous accelerations for Pioneer 10. The estimated thermal 
acceleration is shown with error bars. The stochastic acceleration estimate 
from (Turyshev et al., 2011) appears as a step function ]. 

 
 
 
RESULTS AND DISCUSSION 

 
Pioneer anomaly 
 
Data for short distances (that is, less than 20 au from the 
Sun) is restored to the original state and is analysed. One 
report suggests that the anomaly is caused by thermal 
radiation (Turyshev et al., 2012).discussion to a base in 
Figure 1 about it include: Discussion Point A, it thus 
becomes difficult to explain the Pioneer anomaly by 
modified gravitation theories, such as MOND or MOG, 
where gravity or the gravitational constant changes as a 
function of distance. Discussion Point B, the P10 data at 
the furthest distance flattened and increased (but within 
experimental uncertainty) which is inconsistent with a 
declining thermal cause (Hodge, 2013; Boom, 2013). Dis-
cussion Point Other, in addition, it is difficult to envision a 
solar neighbourhood that does not have dark matter 
(Bidin et al., 2012) to explain the Pioneer anomaly by the 
dark-matter hypothesis. As for the major cause of the 
slowdown, there is no conclusive evidence that the 
emission of the heat is the cause of the slowdown, nor for 
other arguments such as the effect of expanding space on 
photons (Kopeikin, 2012). It is strange that there is no 
gravity anomaly in the heliosphere, although we have an 
inexplicable problem, such as the galactic rotation curve, 
which is based only on the matter that is visible. 
Furthermore, there is the discussion that insisted on “If the 
Pioneer anomaly has a gravitational origin, it would, 
according to the  equivalence principle, distort the motions 
of the planets in the Solar System” Tangen, 2007). 
However it is an inherent problem of the general relativity 

based on Weak equivalence principle (WEP) and 
Einstein's equivalence principle (EEP) “After an illustration 
by   comparing the status of time in Einsteinian physics 
with that of the vertical   direction in Newtonian physics, it 
was concluded that there is no pertinent  notion of time in 
Einsteinian theories.” (Lachieze, 2014, 2007; Mizony and 
Lachieze, 2005). This paper proposes that the Doppler 
blueshift that revealed the reduction in Pioneer’s speed 
relative to the Sun is due to flat gravity that is caused by 
cosmic expansion. The decrease Δv in the velocity of the 
receiver relative to the source with blueshift Δf (5.99 ± 
0.01 × 10

−9
 Hz) for frequency f0 (2.29 GHz) is: 

 

m/s,107.84 10

0


f

c
fv

       (12) 

 

which is within the error of (7.84 ± 0.01 × 10
−8

 cm/s²) from 
our formal solution for the Pioneer anomaly that was 
obtained from the available data (Turyshev and Toth, 
2010). The slowdown (escape speed) of Pioneer that is 
due to flat gravity is calculated from the decrease in wave 
speed by using Equations (1) and (10) and using the 
expression c

 2
 = w

 2
 + 2GxM where c is the speed of light in 

vacuum and the wave speed in a gravitational field is: 
 

.22)(

)(2)(2
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22
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      (13) 
 
By using Equations (4), (13) and using a solar mass Ms = 
1.989 × 10

30
 kg (Astrodynamic Constants), the specific 

potential constant is: 
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Figure 2. Adjusted the rotation curve (red) by Total gravity to Figure 10 (Kafle et al., 

2012), and the rotation curve (blue) by Newtonian gravity and the rotation curve (pink) 
by Flat gravity were added. 
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In Equation (14), the specific potential constant G0 is the 
gravitational mass and a proportionality constant for the 
blueshift. Transforming Equation (14) gives the recession 
strain constant V0: 
 

m/s. 1,240
0

0
0 

G

GH
V

 
        (15) 

 

The ratio of solar mass to total gravitational mass M0 = c
 

3
/(2GH0) of the observable universe (Kragh, 1999) is: 

 

.104.62
Δ2)(

22

0

2

s

0 
vV

c

/γM

M

       

(16) 
 
In addition, the specific potential constant G0 is a 
proportionality constant of flat gravity: G0M = Mc

 3
/ 

(2M0V0). It acts on gravitational mass and gives the total 
observable gravitational mass of the universe. 
 
 

Galaxy rotation problem 
 

From Newton’s theory, the galactic rotational speed is: 
 

m/s. )( gr /r/γMGv 
        

(17) 

 
 
Figure 3. Widened Figure 11 (Kafle et al., 

2012) by the setting that gravitational mass Mg 
(approximately 100 billion times of Solar mass) 
of the Milky Way galaxy did not increase from 
30kpc to 180kpc. 

 

 
 
In terms of the specific potential Gx, this is: 
 

m/s. ))(()( g0gxt /γMGG/r/γMGv 
       

(18) 

 
Therefore, given the galactic rotational speed Vt and the 
radius r, we can determine the galactic gravitational mass 
Mg. this calculation was applied to Figure 2 and 3 of the 
STELLAR HALO model of the Milky Way galaxy (Kafle et 
al., 2012) [the Milky Way has an inner and outer halo that  
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Figure 4. Theory of flat gravity that is based on Hubble’s law of an expanding 

universe and newtonian gravitation.  

 
 
 
spreads far and wide. It is in the latter that flat gravity 
flattens the velocity distribution curve]. The curve for dark 
matter (that is, Halo) and the flat gravity curve are similar, 
except that a discrepancy emerges for large r (kpc). 
However, examples such as Abell 520 are observed and 
indicate that dark matter exists far from the galactic disk 
and bulge (Mahdavi et al., 2007). Such examples cannot 
be explained by the conventional dark-matter hypothesis. 
Because flat gravity extends to an infinite distance, if flat 
gravity exists, it is indifferent to dark matter (Figure 4). 
 
 
Small-scale crisis 
 
The lambda Cold Dark Matter (Λ-CDM) model which 
added the effect (cosmic constant Λ) of the accelerating 
expansion of the universe to dark matter = Cold Dark 
Matter (CDM) which can disregard collisionless damping 
is a standard model of structure formation. However, as 
for the Λ-CDM model, disagreement with observation is 
pointed out in the small scale (below a Galaxy scale) 
(D’Onghia and Lake, 2004). Missing satellite problem 
(Klypin et al., 1999; Moore et al., 1999): Near the Milky 
Way galaxy (local group of galaxies), tens of dwarf 
galaxies (satellite galaxy) exist. However, N-body 
simulation of a Λ-CDM model is predicting that dark 
matter halo of about 500 dwarf galaxy mass exists in the 
same range. This suggests a possibility that the CDM 
model is wrong. Cuspy halo problem (Blok, 2009): 

According to the N-body simulation, a center becomes 
high-density by the very cusp of the density profile of dark 
matter halo. However, if it asks for a density profile from 
observation of the rotation curve of a dwarf galaxy, the 
profile of such a cusp will not be found. There are two 
huge black-holes in the bulge of the Andromeda Galaxy, 
and the material density of the central part  is  not  high  
(Corbelli et al., 2010). Flat gravity and a dark matter curve 
are in agreement if r (kpc) becomes large (Figure 5). 
Moreover, the central part does not become high-density 
like the density profile of CDM. Those problems seem to 
adjust forcibly by the dark matter hypothesis. 
 
 
Large-scale crisis 
 
The scale of Hercules-Corona Borealis Great Wall is very 
huge. At the maximum of the size presumed from distribution 
of the gamma-ray burst, length is 10 billion light years and 
width is 7,200 million light years (Horvath et al., 2013). In 
the CDM model, the shock wave which occurred in the 
universe after the Big-Bang is assumed to be the base 
which makes the large-scale structure of the present 
universe. The size of the large-scale structure which arises 
from it should not exceed about 1,200 million light years 
(Yadav et al., 2010). This may show that it is unsuitable to 
predict the homogeneity of the actual universe and 
formation of large-scale structure by the CDM hypothesis. 
The Table 1 is the table which summarized the above. 
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Figure 5. Adjusted the rotation curve (blue) by Newtonian gravity and 

the rotation curve (pink) by Flat gravity to Figure 14 (Corbelli et al., 
2010). The M31 rotation curve (points) and the best fitting mass model 
(solid line) using the NFW dark halo profile with C = 12 in the frame of  
CDM. Also shown are the dark halo contribution (dot dashed line), the 
stellar disk and bulge (short dashed line) and the gas contribution (long 

dashed line). The bottom panel refers to the case ((M/L)d = (M/L)b = 
4.2M /L). The top panel refers to the best fit when the mass-to-light ratio 
of the disk and the bulge are two independent variables. For the best fit 
(M/L)d = 5.0 and an (M/L)b = 2.7 M /L. 

 
 
 

Table 1. Summary of this paper. 

 

Open problem Microscopic Pioneer anomaly Galaxy rotation Over galaxy 

MOND Unknown Unknown Explanation Unknown 

MOG Unknown Unknown Explanation Unknown 

Dark Matter Unknown Unknown Explanation Unknown 

Flat Gravity Unknown Explanation Explanation Unknown 

 
 
 
Conclusion 
 
The specific potential constant that was calculated from 
the abnormal acceleration of the planetary probe pioneer 
with respect to the Sun is G0 = 1.18×10

−31
 J/kg

2
. Given a 

galactic mass approximately 100 billion times that of the 
Sun gives a galactic rotational speed of vg = (G0Mg/γ)

1/2
 = 

150 km/s. The gravitational potential is −GM(1/r) in a 
static universe; however, the influence of cosmic 
expansion should be considered in an expanding universe 
by using –GM(1/r)(1 + expansion) = −(G/r + G0)M for all 
scales from the microscopic to the large scale of the 
universe. This resembles the relation between the 
longitudinal Doppler effect (1 − v/c) and  the  transverse 



 
 
 
 
Doppler effect (1 − v

 2
/c

 2
)
1/2

. Flat gravity can be named 
longitudinal gravity if Newtonian gravity is named 
transverse gravity. None of the theories (flat gravity, dark 
matter or modified gravitation) can explain all scales. 
However, flat gravity offers the possibility to explain small 
scales, such as the microscopic scale, which may 
increase correction term in the Newtonian gravitational 
potential, and the large scale, such as the intergalactic 
scale. It is important to gain experience with various 
scales for the expanding universe because we are familiar 
with Kepler’s laws and Newtonian mechanics but need 
more experience with flat gravity. Not only an apple but all 
the matter in the expanding universe are in the state of 
free-fall. 
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This article describes the possibility of using prognostic equations and the theory of fuzzy logic to 
predict the intensity of vibrations resulting from the use of construction machinery and heavy traffic. 
Vibrations from construction machinery can be particularly dangerous if they affect heritage buildings. 
By analyzing the measured results of vibrations at various facilities, we found that using the theory of 
fuzzy logic and appropriate modeling we can well predict the intensity of vibration caused by heavy 
traffic and vibration compaction with vibratory rollers. 
 
Key words: Fuzzy logic, ground vibrations, vibrations monitoring, vibrations prognosis, neural networks. 

 
 
INTRODUCTION 
 
Experts in sustainable planning of roads are facing the 
problem of how to prepare their proposals for the 
authorities so that they will be able to support their 
decisions with numbered facts. A typical example of such 
a problem is erecting traffic infrastructure in locations 
where only part of factors can be shown quantitatively 
and costs estimated accordingly (mainly construction and 
maintenance costs). Contrary to this, we tend to show 
numerous consequences, both costs and benefits, 
qualitatively, which means descriptively, or we completely 
ignore the obvious consequences of an intervention in 
space which may cause social harm or benefits, damage 
to cultural heritage buildings or create the need of 
displacement. We are not able to adequately quantify 
costs and benefits not estimate costs. Another problem of 
sustainable road design is a deficient judgment of 
benefits and consequences of road’s total life  cycle  from 

"ideas" and "construction" to "preservation" and 
"degradation". 

In this paper we focused on and analyzed two very 
common phenomena occurring during the construction 
and operation of roads and ancillary facilities: vibrations 
arising from construction machinery and vibrations arising 
from freight traffic. The vast majority of construction 
machinery used in earthworks produces harmful 
vibrations. Many earthworks, such as piling and vibratory 
compaction of materials cause vibrations that can be 
transmitted in soil to nearby facilities. Because of 
vibrations, generated dynamic forces can cause damage 
to nearby structures. Old buildings are the most 
vulnerable of all structures.  

An adaptive network fuzzy inference system (ANFIS) is 
used for predicting the intensity of vibration. ANFIS is 
considered to be one of the intelligent tools to understand 
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the complex problems (Jang, 1993). Therefore, ANFIS is 
being successfully used in many industrial areas as well 
as in research (Faravelli and Yao, 1996; Provenzano et 
al., 2004; Gokceoglu et al., 2004; Rangel et al., 2005; 
Kayadelen et al., 2009). Khandelwal (2012) predict the 
blast induced ground vibration using different 
conventional vibrations predictors and artificial neural 
network (ANN) at a surface of coal mine and it was found 
out that the ANN model based on multiple input 
parameters have better prediction capability than 
conventional vibration predictors.    
 
 
PHYSICAL CHARACTERISTICS OF CONSTRUCTION 
MACHINERY AND FREIGHT TRAFFIC 
 
Slovenia has no standards of its own in the field of 
vibration measurements. By joining the European Union, 
we could take over the well established European 
standards in this field, such as DIN 4150, Swiss Standard 
SN 640 312a, British Standard (BS) 7385 and BS 6472. 
In Europe the standard DIN 4150 is most commonly used 
for measuring and assessing effects of vibrations on 
buildings. This standard prescribes the maximum ground 
vibration velocity which is 3 mm/s for heritage buildings, 5 
mm/s for residential buildings and 10 mm/s for industrial 
facilities. The maximum ground vibration velocity is given 
with special curves depending on ground vibration 
frequency. 

Many earthworks, such as driving pilots and sheet 
piling, vibratory compaction of earth materials as well as 
operation of heavy construction equipment, cause 
vibrations that can be transmitted to nearby buildings. 
Dynamic forces generated by these vibrations can cause 
damage to the buildings. When designing and planning 
activities at the site we need to assess possible effects of 
vibrations, and adjust work of vibratory machines so as to 
minimize their effects on the surrounding buildings 
(Achmus and Kaiser, 2006). The effects of vibrations 
caused by construction machinery may vary depending 
on numerous factors, such as the intensity of sources of 
vibration, different soil composition and its quality 
between the sources of vibration and the building, the 
quality of foundations, building dimensions and the 
quality of built-in materials. The effects of vibrations are 
enhanced by the intensity and duration of vibrations and 
by the frequency and number of vibration events. The 
effects of vibrations caused by construction machinery 
may interfere with users of a building and damage the 
building, since there is shaking and moving that can 
change structural integrity of the building to such an 
extent that its stability is at risk. In vibratory compaction of 
loose soil layers we dynamically compact upper soil 
layers. In these construction processes vibrations are 
transmitted through the soil to neighbouring buildings 
causing damage to them. When planning construction, 
possible impacts of vibrations  should  thus  be  assessed  

 
 
 
 
and resulting risks and building machines selected so 
that their impact on surrounding buildings is prevented or 
at least minimized. 

Since 2002 the Slovene statistical office has been 
performing research about environmental costs arising 
from different environmental purposes in accordance with 
the European statistical classification of activities relating 
to the protection of the environment (CEPA). Data are 
being collected on investment in environmental 
protection, current expenses for the environment and 
income from environmental protection activities. CEPA is 
a general, multi-purpose and functional classification 
which is used for classifying the activities for 
environmental protection. According to this classification 
the protection against noise and vibrations is also 
recorded. This protection covers the reduction of noise 
and vibrations caused by road and rail transport, as well 
as air transport and shipping. According to the above 
criteria, activities are foreseen, such as monitoring, traffic 
management, and erection of sound barriers or anti-
vibration devices (Statistical Office, 2009). Traffic 
vibrations are common concerns of society because they 
often cause problems to people and structures. They 
constitute an external source and result from heavy traffic 
such as buses and trucks. Passenger cars and light 
trucks rarely cause vibrations that are discernible in 
buildings. Road transport usually causes vibrations in the 
frequency range from 5 to 25 Hz and ground vibration 
from 0.05 to 25 mm/s (Hunaidi, 2000). The frequencies 
and the vibration velocity depend on numerous factors, 
such as pavement conditions (especially damage and 
roughness), the speed and weight of vehicles, a vehicle 
suspension system, the type of soil, the season, the 
distance between the road and the building and the type 
of the building.  
 
 
MEASUREMENTS, DESCRIPTION OF THE 
EXPERIMENT AND THE RESULTS 
 
Vibration measurements were performed separately for 
three types of vibrations. We have measured the impact 
of the vibrating roller on the residential and on heritage 
object, where motorway was under construction. The 
second segment of monitoring comprised the measuring 
of effects at the residential building, during driving and 
pulling of sheet piling when the round about and the 
access to a new motorway was under construction. In the 
third case we measured the impact of heavy traffic on the 
residential building. 

Earthquake intensity, which results from operation of 
construction machines or traffic, can be measured with 
seismographs. Seismographs are portable devices that 
can be placed wherever it is necessary to measure the 
intensity of vibrations. They measure vibrations which are 
transmitted to the seismic mass of a geophone and then 
to three perpendicularly mounted electromagnetic coils.  
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Table 1. Technical characteristics of dynamic rollers. 
 

Variables HAMM 3520 AMMAN AC 110 

Operating weight (kg) 12480 12100 

Rear axle load (kg) 7320 7140 

Vibration frequency (Hz)/amplitude (mm) 30/1,19 28-35/1,8-0,8 

 
 
 
Vibration components induce voltage and hence 
electrical impulses in the winding. These impulses are 
transmitted to the electronic recording with a built-in 
microprocessor with a certain memory. Measurement 
values recorded in the memory can be processed 
analytically with the software. For vibration 
measurements, we used the measurement equipment of 
the manufacturer Instanel from Canada, namely the four-
channel device Minimate Plus and the eight-channel 
device Minimate Plus with the associated linear 
microphone and the geophones. The impact of 
construction machinery, whose operation causes 
vibrations, and the impact of road freight transport are 
also measured by ground vibration velocity. Geophones 
can be used for these measurements as well as for 
assessing a building response to vibrations. Ground 
vibration velocity is usually measured at the source of 
vibration – on the ground in the immediate vicinity of a 
construction machine, on the ground in front of the 
foundation of the building observed, and at the foundation 
of the building. The results of measurements present the 
measured components of vibration velocity in all three 
orthogonal directions. 
 
 
Effects of vibration from trucks 
 
Heavy vehicle traffic was monitored in two cases during 
earthworks for the construction of the parking house. We 
measured vibrations on the gravel road caused by trucks 
with a total weight of 20 tons in the phase of driving off, 
and vibrations on the asphalt road caused by trucks with 
a total weight of 20 tons and running at a speed of 40 
km/h. 
 
 
Effects of vibration from a vibrating roller 
 
The constructor of the motorway section used two types 
of construction machinery which causes vibrations. In 
compaction of road section the dynamic roller HAMM 
3520 was used. The second dynamic roller was AMMAN 
AC 110. The following technical characteristics are 
presented in Table 1. We have measured the effects of 
vibrations during the operation of one vibrating roller and 
two synchronously operating rollers HAMM. The second 
measuring with vibrating roller AMMAN has ben 
measured  the  imapct  of  surface  dynamic  compaction, 

deep dynamic compaction and static compaction.The 
measuring instruments – Instantel Minimate Plus 
measuring station were activated manually, with a time 
interval between individual measurements of 10 s. 
 
 
Effects of vibration from driving/pulling sheet pilling 
 
The measurement of vibrations during the construction of 
new bridge in the old kernel of town was performed at 17 
measuring points. Vibrations were measured at facilities, 
which are protected cultural heritage structures. The 
second part of measurements was performed on the 
residential building during the construction of a road 
roundabout. In both cases the sheet piling was used to 
protect the excavation or construction pit, respectively. 
 
 
Prognosis of vibration 
 
The prognosis of vibration based on vibration 
measurements, which were measured and the use of 
empirical equations by various authors. The use of 
prognostic equations as an option for reducing the 
negative effects of vibration. 
 
 
Prognosis of vibration velocity from trucks 
 
The measurements were analyzed with a model for 
predicting the intensity of vibration proposed by Watts 
(1990). The presented model is based on local 
degradation of the roadway surface, along which vehicles 
run with a certain speed, and the distance between the 
moving vehicle and the measuring point. The model is 
expressed as: 
 

   0.028 / 48 / 6
x

PPV a v t p r      .                   (1) 

 
Where: PPV = the peak particle velocity (mm/s), a = the 
maximum degradation of a surface or a defect (mm), v = 
the measured speed of a vehicle (km/h), t = the 
coefficient of soil supporting a roadway structure, p = the 
wheel index, which is over 0.75 for heavy vehicles when 
one wheel crosses a damaged spot, or 1 in other cases, r 
= the distance between the measuring point and the 
moving vehicle.  
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Figure 1. The results of the measured values using the prognostic equation for heavy trucks. 

 
 
 

The value of the exponent x determines damping of 
vibrations and it depends on the site and the distance. 
The results of the effect of vibrations caused by heavy 
trucks are given in Figure 1.  
 
 
Prognosis of vibration velocity from a a vibratory 
roller 
 
To forecast the potential damage to structures, 
foundation oscillation velocity, not ground vibration 
velocity, is used as the base value. Maximum oscillation 
velocity changes at the transfer to foundations, mainly 
resulting in the reduction. In the case of resonance, there 
is a very slight, small increase in oscillation velocity. Due 
to unknown factors of the transfer of oscillations to the 
foundations of a building, it is useful to know direct 
equations to forecast maximal components of foundation 
oscillation velocity. This is practical because in measuring 
vibrations measuring devices are placed on foundations 
and not on the ground, which allows easy calibration of 
the equations. Such prognostic equations are mainly 
based on practical experience and are not yet 
widespread. Since vibratory energy of vibration machines 
is difficult to assess, a decisive parameter in these 
prognostic equations is the operating weight of the 
machine. To predict foundation oscillation velocity arising 
from vibration rolling we used two equations. The first 
Equation (2) is suggested by Philipps  et  al.  (2010),  and 

the second Equation (3) by Achmus et al. (2005). 
 

7,0max, 1,1
r

G
vFi 

  

              (2) 

 

r

G
KvFi max,

               (3) 

 
Where: νFi,max is the maximum foundation oscillation 
velocity (mm/s), G is the operating weight of the vibrating 
machine (t) and r is the distance from the vibration source 
to the foundation (m).  

The coefficient K in Equation (2) is 4.31 for a 50% 
accuracy of results. We used the results of vertical and 
longitudinal components of foundation oscillation velocity, 
which are graphically presented in Figure 2, together with 
the lines of the prognostic Equations (2) and (3) and the 
relevant literature data (Achmus et al., 2005). 
 
 
Prognosis of vibration velocity from driving/pulling 
sheet pilling 
 
Ground and foundation vibration velocity is also taken as 
the basic physical quantity to predict the potential 
damage on buildings. In the transfer of vibrations from 
the ground to the foundations of the building the vibration 
velocity tends to decrease, yet  it  can  increase  in  some  
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Figure 2. The measured versus predicted values of foundation oscillation velocity. 

 
 
 
cases owing to resonance. Especially in pulling sheet 
piling, sudden changes can occur in vibration velocity in 
three orthogonal directions. Because of this it is very 
important to consider the highest measured value in 
forecasting and evaluating the effect of vibrations. In this 
case, we used the equation of Achmus et al. (2005), 
which reads: 
 

,maxFi F

W

f
v K

r
 .                  (4) 

 
Where: υFi,max = the maximum foundation oscillation 
velocity (mm/s), W = the maximum power of the machine 
in watts, f = the operating frequency of the machine (s-1) 
and r = the distance from the source of vibration to the 
measuring point in (m ).  

The coefficient KF is 7.9 for a 50% probability of 
increase, or 18.5 respectively for a 2.25% probability of 
increase. In analyzing the measured values given in 
Figure 3, we considered that in driving 7.1 kNm of energy 
is consumed, while in pulling 2.8 kNm. Vibration 
frequency is 28 Hz in both cases.  

 
 
ANFIS MODEL FOR GROUND VIBRATION 
PREDICTION 

 
The basic structure of the fuzzy inference system (FIS) 
was introduced by Zadeh (1965). In this type of FIS it is 
essentially to predetermine the rule structure and the 
membership functions. Human determined membership 
functions are subjective and differentiate from person to 
person. The standard methods, which  transform   human 

knowledge or experience into the fuzzy rules and 
membership functions, do not exist. Usually there is the 
collection of input/output data, which we would like to use 
for constructing the FIS model. The effective method for 
tuning the membership functions and to minimize the 
output error measure is the Adaptive-Network-Based 
Fuzzy Inference System (ANFIS). ANFIS (Jang, 1993) 
uses a given input/output data to construct a FIS, whose 
membership function parameters are tuned (adjusted) 
using either a back propagation algorithm alone or in 
combination with a least squares type of method. This 
adjustment allows fuzzy systems to learn from the data 
they are modelling. ANFIS only supports Sugeno-Takagi-
Kang (1985) identification models, which should have 
only one output parameter. Adaptive network is a 
superset of all kinds of feed-forward neural networks with 
supervised learning capability (Rumelhart, 1986). ANFIS 
is a fuzzy inference system implemented in the 
framework of adaptive networks and uses the 
advantages of neural networks and fuzzy logic.  

One of the most important stages in the ANFIS 
technique is data collection. The data was divided into 
training and checking datasets. Training datasets 
contains measurements of the vibration caused by trucks 
and vibratory roller. As an interface for mathematical 
modelling and data inputs/outputs the MATLAB (2010), a 
high-level technical computing language, was used. 
 
 
Vibration caused by trucks 
 
In this case, data is collected using noisy measurements, 
and the training data cannot be representative of all the 
features of the data that will be presented to the model. In 
this model, 15 measurements were used to build a 
model. Among which,  11  evaluations  (70%)  were  used
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Figure 3. The measured values using the prognostic equation for driving/pulling sheet piling. 

 
 
 

Table 2. Training data. 

 

No. measurements V (km/h) r (m) PPV (mm/s) 

1 86 7 1.02 

2 86 67 0.087 

3 71 7 0.766 

4 71 67 0.087 

5 69 7 0.658 

6 69 67 0.092 

7 68 67 0.096 

8 67 67 0.010 

9 65 7 0.809 

10 65 67 0.125 

11 57 7 0.457 

 
 
 
for the training of the ANFIS model, whereas 4 data sets 
(30%) were chosen for checking the model. Table 2 
represents training data and Table 3 represents checking 
data. 

PPV is predicted using ANFIS model based on two 
parameters (speed of a vehicle and the distance between 
the measuring point and the moving vehicle). The 
maximum degradation of a surface is 0.5 mm and the 
coefficient of soil supporting a roadway structure is 0.1. 
On the basis of the measured data we build model to 
predict PPV value for any speed of a vehicle and the 

distance between the measuring point and the moving 
vehicle (Figure 4). 

ANFIS use a given input/output data to constructs a 
FIS whose membership function parameters are tuned 
(adjusted) using either a back propagation algorithm 
alone or in combination with a least squares type of 
method. This adjustment allows a fuzzy systems to learn 
from the data they are modeling. The hybrid algorithm is 
described in detail (Jang, 1993). The hybrid algorithm can 
reduce the error between FIS model and the data that we 
used to build  and  verify  the  model. The  aim  of  ANFIS
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Table 3. Checking data. 
 

No. of 
measurements 

V (km/h) r (m) PPV (mm/s) 

1 70 7 0.502 

2 70 67 0.094 

3 67 7 0.851 

4 67 67 0.103 
 
 

 

 
 

Figure 4.  Suggested ANFIS for prediction of ground vibration caused by trucks. 
 

 
 

Table 4. The ANFIS structure. 

 

No. of training data sets 11 

No. of checking data sets 4 

Type sugeno 

No. of input membership functions 2 

No. of output membership functions 2 

No. of rules 2 

And method prod 

Or method probor 

Defuzzification method wtaver 

Implication method prod 

Aggregation method max 

 
 
 
method is to minimize the root mean square error 
(RMSE) of the model to given attributes. Optimal 
parameters of the model were achieved when the RMSE 
is no longer decreasing. ANFIS structure for ground 
vibration prediction is summarized in Table 4. 
 
 
Results of ANFIS model - vibration caused by trucks 
 
Results of ANFIS model are shown in Figure 5. Surface 
shows the influence of speed of a vehicle and the 
distance between the  measuring  point  and  the  moving 

vehicle on the peak particle velocity.  ANFIS method is 
alternative to existing methods for prediction of ground 
vibration due to heavy vehicle traffic. However, results 
need to be generalized as present work is valid only for 
considered data. Comparison of measured and predicted 
PPV values for training data is shown in Figure 6.  
 
 
Vibration caused by vibratory roller 
 
The vibratory energy of machines depends on type of 
compaction. Tables 5 and 6 contains  the  measurements  
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Figure 5.  Result of ANFIS model. 

 
 
 

 
 
Figure 6. Measured versus predicted PPV values for training data sets. 

 
 
 

Table 5. PPV measurement results caused by three types of compaction methods for heritage objects. 

 

Distance (m) 
PPV (mm/s) 

Surface dynamic compaction 

PPV (mm/s) 

Deep dynamic compaction 

PPV (mm/s) 

Static compaction 

8.0 3.57 3.51 0.220 

8.9 3.28 2.91 0.220 

10.7 2.61 1.50 0.311 

30.0 2.22 0.93 0.220 

 
 
 
of PPV for surface dynamic, deep dynamic and static 
compaction. Additionally the measurements are  obtained 

on two buildings with different quality of foundations. For 
each building, type of compaction and  various  distances  
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Table 6. PPV measurement results caused by three types of compaction methods for residential objects. 
 

Distance (m) 
PPV (mm/s) 

Surface dynamic compaction 

PPV (mm/s) 

Deep dynamic compaction 

PPV (mm/s) 

Static compaction 

5.4 2.01 1.51 0.220 

7.1 1.94 1.50 0.220 

15.1 0.93 1.26 0.254 

16.0 1.02 0.81 0.284 

 
 
 

 
 
Figure 7. Constructed ANFIS models for prediction of ground vibration caused by compaction. 

 
 
 

Table 7. PPV measurements caused by three types of compaction 

methods. 
 

Number of training data sets 6 x 4 

Type Sugeno 

Number of input membership functions 2, Gaussian 

Number of output membership functions 2, Constant 

Number of rules 2 

And method prod 

Or method probor 

Defuzzification method wtaver 

Implication method prod 

Aggregation method max 

 

 
 
from the source of vibrations the PPV were measured. 
Based on the measurements the simple one parameter 
ANFIS models were constructed (Figure 7). The PPV 
value is predicted for two different types of foundations 
and three types of compaction, therefore six models were 
constructed with the same structure. Table 7 presents the 
input data of fuzzy models, which are essential to repeat 
the calculations. 
 
 
Results of ANFIS model – vibration caused by 
vibratory roller 
 
Figure 8  shows  the  vibration  velocity  as  a  function  of 

distance from the source of vibration – based on ANFIS 
model. Figure 8a shows the graphs for the heritage 
objects which have generally poorly foundations and 
have no built-in anti-seismic ties. Graphs on Figure 8b 
are shown the same physical quantity but for residential 
objects, which are better quality. A graphical 
representation of vibration velocity of the distance from 
the source of vibration indicates that the vibration velocity 
depends on the type of hardening of soil produced with 
roller. From the graphs it is evident that surface dynamic 
compaction and deep dynamic compaction cause almost 
the same vibration velocity in a small distance from the 
source of vibration. With increasing distance from the 
source of vibration surface dynamic compaction  leads  to  
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Figure 8. Results of ANFIS model – measuring values which are shown in Tables 5 and 6. 

 
 
 

 
 
Figure 9. The measured versus predicted ground vibrations due to a road roller activity.  

 
 
 
a higher vibration velocity when compared with the deep 
dynamic compaction. Vibration velocity caused by the 
static compaction is negligibly small when compared with 
the vibration velocity induced by surface and deep 
dynamic compaction. Calculations also confirmed by the 
fact that  the  vibration  velocity  and  the  distance  of  the 

same intensity and the distance of the source are greater 
then in residential objects. Additionally, we have 
constructed an ANFIS, based on measurements provided 
by Achmus et al. (2005). With the developed model we 
are able to predict the PPV value for any selected 
distance. Figure 9 shows the measured versus  predicted  



 

 
 
 
 
ground vibrations due to a road roller activity. 
 
 
CONCLUSIONS AND RECOMMENDATION 
 

The measured foundation oscillation velocities presented 
in Figure 1 correspond very well with the line of the 
prognostic Equation (3). We can conclude that the 
prognostic Equation (3) can be used for the preliminary 
assessment of foundation oscillation velocity within the 
scope of risk assessment. Based on the calculation with 
the prognostic Equation (3), the likely value of foundation 
oscillation velocity is 0.12 mm/s, while the DIN 4150 
standard provides an orientation value of 5 mm/s for 
horizontal components of oscillation velocity. If this value 
is not exceeded, we do not expect damage to the building 
and can exclude the likelihood that horizontal oscillations 
of structural elements would occur on the top floor of the 
building with the increase of the oscillation amplitude. For 
vertical oscillation velocities of the ceiling in the building, 
DIN 4150 provides an orientation value of 8 mm/s. At a 
frequency of the vibrating roller of 30 Hz there could be a 
risk of resonance. However, considering that the transfer 
factor for wooden ceilings kz ≤ 15 (Funk, 1996), we 
obtain the maximum oscillation velocity of 1.8 mm/s using 
the prognostic Equation (4), which means that in no event 
the guideline value of the standard DIN 4150 is exceeded 
and no damage is expected to the building. According to 
the prognostic Equation (4), the measured values of 
driving, and in some cases of pulling, sheet piling 
correspond very well with the boundary probability line. 
The results for pulling sheet piling in a direct vicinity of 
the measuring point present a border case, a very 
troublesome one, which is difficult to predict due to the 
proximity of the source. When planning construction 
works it is therefore necessary to assess possible effects 
of vibrations and the resulting risks, and select such 
building machines whose operation does not affect 
surrounding buildings or is at least minimized. The 
measurement of vibrations resulting from heavy trucks 
has shown that the prognostic Equation (4) sets very 
strict criteria, which are mostly exceeded in our case. 

Data scattering of vibrations is very large, therefore 
conventional vibration predictors are not able to predict 
the PPV up to an acceptable limit. Many researchers 
found out that artificial neural network and neuro-fuzzy 
technique have superiority in solving problems in which 
many complex parameters influence the process and 
results, when process and results are not fully 
understood. Therefore is very important  that 
experimental data are available. The prediction of ground 
vibrations due to heavy vehicle traffic is also of this type. 
Speed of a vehicle and the distance between the 
measuring point and the moving vehicle are two input 
parameters for ANFIS model. Built model can be 
improved with more measurements of ground vibrations. 
Based on engineering judgment, the proper measurements 
should be selected for training and checking data sets.  
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Prediction of vibration caused by the dynamic compaction 
of soils with vibratory rollers are in good agreement with 
calculations by prognostic Equations (2) and (3). The 
elaborated method using techniques FIS and model 
ANFIS can be applied to assesment of vibration of 
buildings. The results of experiments show, that 
application of this methods are possible.  
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