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Dynamic interaction of military aircraft working on an cement concrete airfield
pavement

Abstract: The publication presents test results and anabfsibe impact of military aircraft
on an airport pavement made of pre-stressed pah@ise types of aircraft were used in the
experiment, i.e. TS 11 ISKRA aircraft, SU 7 BM aaft and SU-22 M4 aircraft. In the field
tests, geophysical methods were used to measuralyth@mic properties of the airport
pavement structure. Based on the few vibration oreasent methods of this type of
construction that can be used, the vibration lefethe pavement caused by the aircraft
operating on that surface was recorded. The tests garried out for various levels of aircraft
thrust, the degree of harmfulness of the impaajesferated vibrations on the pavement by
sources of excitement, which were the above-meeti@ircraft, was assessed. Due to the fact
that the research was one of the first to be choid in the country, and such research is rare,
there are no publications devoted to this issum ial$oreign literature. Therefore, there are no
reliable and credible criteria for assessing thpaat of vibrations on these constructions. In
the assessment of dynamic phenomena, by analoggssasent methods and criteria related
to general construction facilities were used. Thestrfrequently used criteria for assessing
dynamic interactions are based on the vibratioedeiterion. The publication carried out an
impact assessment based on the following critetimator scale, SWD scale and Zeller scale.
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Introduction

Cement concrete Airfield pavements are subjectedytdical and temporary impacts, the

origin of which is a consequence of multiple imjgaat the aircraft on the pavement. These
types of interactions include dynamic interactiombis publication considers the state of
impact of aircraft on the pavement of planes stagain it. This type of vibration is complex

and manifests itself in mechanical, acoustic, ttarnand other interactions, which are
turbulent and of high intensity. The scale of thgact of aircraft on the pavement is a
consequence of their design solutions, mainly ihe ef the engine thrust and the aircraft
operating time in various power ranges and the atktbf transferring the load to the

pavement, as well as solutions of the pavementtsiral system.

The method of dynamic field tests
The tests of the dynamic impact of aircraft on {h@ement were performed on an
experimental part of the engine test plane. Thecgoaf dynamic excitations were two types
of aircraft, ie TS 11 Iskra, SU-7-BM and SU-22M4elbasic characteristics of these aircraft
influencing the generated impact are as follows:th@ TS 11 Iskra aircraft, the amount of
thrust 795 dkN and take-off weight of 3834 kg, tbe SU-7- BM aircraft, the amount of
thrust of 6865 dkN and the take-off weight of 13%g4 SU-22 M4 with a thrust of 7,500 dkN
(with possible afterburner 11700dkN) and a takewadight of 19,500 kg. The geometric
shapes and their dimensions are shown in Eiga.3.

The research was carried out on the concrete, iexpetal pavement made of 14.0 cm
thick prestressed slabs, which were placed on ypest of substrate, i.e.
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» substructure made of C 8/10 concrete (formerly 8),10

» substructure with a leveling layer of compacteddsdrhne pressure in the tires was as
follows: for wheels in the main landing gear, abbi&g MPa, in the nose landing gear,
about 1.1 MPa.

The main purpose of the work was to verify the ecimess of the design of the
pavement made of prestressed slabs and the respiosiseh pavement to the dynamic effects
of airplanes working on it. In order to obtain adlie, dynamic characteristics of the
pavement, the seismic method was used, the esséntech is the possibility of determining
the size of the propagation of elastic waves inramex layered medium. The dynamic wave
characteristics of the plane-surface system catbistf; determining the speed of wave
propagation, vibration frequency, and the amourdashping. In order to assess the nature of
the phenomenon, the following were determined: maxn amplitudes and the dominant
frequency of vibrations. The measurements primatdpk into account vertical load
components. The vibration recorders were electraoya geophones with a natural
frequency of 10 Hz. The recording equipment istao§&SI-415 devices. The characteristic
size of the recording device is:

* band of recorded frequencies 2.5 to 1200 Hz,
* dynamics of gain control 66 dB. The geophones weserted in the places marked in

Fig. 1, 2, 3 and in the axis of the plane at aadise of about 3.0 m from each other in

a straight line.

Measurements were carried out with increasing ldgdamics according to the
following principles:

» starting, engine thrust approx. 5% of maximum thrus

* low gas, engine thrust approx. 10% of maximum thrus

» operational condition, the thrust was about 45-58%e maximum thrust,

* the maximum state possible to be realized in tlwipg ground conditions, thrust
force about 95% of the maximum thrust.

For each condition, the vibration characteristitthe aircraft assembly and the tested
pavement were measured. The measurement resuds@garded on a photographic film.

baza samolotu

1. The TS-11 ISKRA airplane in the study of dynamfiects on the airport pavement
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2. The SU-7-BM airplane in the study of dynamic eféeon the airport pavement
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3830

rozstaw kot goleni glownych

3. The SU-22 M4 aircraft in the study of dynamic effeon the airport pavement
The markings 1, 2, 3 refer to the location of measient geophones for all types of aircraft
used in the research. Aircraft dimensions are gimem.

Test results obtained in field measurements

The conducted research allowed for the registratibthe longitudinal wave propagating
under the pavement in the base layer, which, agqugly signaled, had different material
characteristics. From the analysis of the longitatliwave velocity in the substrate layer,
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regardless of the type of layers, no significafffiedences in their courses, i.e. their velocity,
were observed. The velocity of the elastic longitatiwave was from 1800 to 1900 m/s. It
should be borne in mind that the measurementseotiyimamic impact of aircraft on airport
pavements were the first in the country. Until ndleere are no rational criteria for assessing
such impacts. National standardization documen$y/ap general construction buildings and
structures and a standard was developed for thes ¢y facility, which was updated in 2016
and is currently in use in the PN-B -02170: 2016v&8sion. "Assessment of the harmfulness
of vibrations transmitted through the ground ontaldings”. It was this standard that
constituted the reference level to the resultsinbthin the research. The measured vibration
velocity amplitudes were converted into the dispiaent amplitudes according to the
following dependence:

- A
Ay = T (1)
Aa = 2Avf (2

where : Aa - acceleration amplitude,
Av - velocity amplitude,
Aw — displacement amplitude,
f - frequency.

When analyzing the nature of the impact of aircoaftthe airport pavement, we deal
with paraseismic vibrations which are characteribgda non-stationary random process.
When studying this class of impact, it means timaprioblems of this class, an individual
approach and detailed analysis of phenomena aréredg which will make the obtained
result more reliable. Depending on the level of ¢éhgines' operation, the amplitudes of the
vibration velocities changed. The highest amplitudeere recorded at the highest level of
engine operation, close to the pre-launch regirhe. amplitudes of the vibration velocities in
the initial stage of the engine's operation areosinan order of magnitude lower than those
obtained from the recordings when the aircraft eaghowed the maximum thrust close to
the pre-take-off regime. The recorded amplitudethefvibration velocities A allow for the
division according to the following groups :

» the greatest vibrations ;A0,200 m m/s,
* average vibrations 0,209 A > 0,100 mm/s,
e small vibrations 0,100> A > 0,060 mm/s,
» very small vibrations 0,060 mn#sA.
The obtained results of the field measurementpi@®gented in Tablg
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Tab. 1. Distribution of recorded vibrations of the pavemenparticular groups depending on
the pavement structure and the working airplane
Type of| Structural system of The size of the recorded amplitudes in mm/s
aircraft | the pavement on

which the| A > 0,200 0,200> A > | 0,100> A > | A> 0,060
measurements were 0,100 0,060
made

The compacted sandy
TS-11- | substrate, prestressed
ISKRA | plate, thickness 14.0 0,24 0,41 0,32 0,03
cm
Concrete  substrate,
the surface made of
prestressed slabs
The compacted sandy
SU-7 —| substrate, prestressed
BM plate, thickness 14.0 0,25 0,70 0,02 0,03
cm
The concrete
substrate, pavement
made of prestressed 0,37 0,22 0,37 0,04
slabs

Compacted sand
SU-22 | substrate,  concret
M4. slab

0,25 0,51 0,13 0,11

o<

0,41 0, 68 0,48 0,07

By analyzing and comparing the characteristichefdircraft used in the experiments,
it can be concluded that:

* The frequency of vibrations caused by aircraft be pavement with this design
characteristic does not differ much from each otHaightly higher amplitudes
occurred in the case of the heavier SU-7-BM and23WA4 aircraft,

* no significant discrepancies depending on the typundation and substrate were
distinguished in the research. The registered maximamplitudes of vibration
velocities are as follows for the aircraft usedha experiment:

o forthe TS - 11 - Iskra aircratft,
= working on the base of compacted sand Amax = On2dvs and f = 99
Hz,
= working on the substrate of concrete class C8 Atfax = 0,24 mm/s
and f = 126, 2 Hz,
o for the plane SU-7-BM,
= working on the substrate of compacted sand Am&a239 mm/s and f
=189 Hz,
= working on the substrate of concrete class C8 Amdx = 0,826 mm/s
and f =79, 2 Hz.
o forthe SU-22 M4 aircraft on the C 25/30 concretestrate (formerly B 25).
The occurrence of low-frequency vibrations randmogn 60 to 400 Hz and vibrations
of higher frequencies, i.e. 600 to 1200 Hz, wasnébuln the group of low-frequency
vibrations, there were vibrations: for the TS-1&résaircraft - f = 187 Hz, for the SU-7-BM
aircraft - f = 79 Hz, for the SU-22 M4 aircraft mfax = 1.93 mm/s and f = 125 Hz
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In the group of high-frequency vibrations for bathcraft, the recorded frequencies were
similar and amounted to approximately 1260 Hz. ilyhest amplitudes of vibrations were

recorded by geophones located in the immediatenitycof the main landing gear of the

aircraft. The smallest amplitudes were recordedj@ophones located directly at the nose
wheel of the aircraft. The tests did not show ampahdence of the velocity amplitude
distribution on the position of the aircraft whedtsrelation to the symmetry axis of the

element (plate).

Inter pretation of theresults of field tests

Interpreting the obtained results of field testdarmms of their harmful effect on the airport
pavement, the national standard PN-85 / B-02170egssment of the harmfulness of
vibrations transmitted by the substrates to bugdimand its newer version PN-B - 02170:
2016 -12 (with further amendments) was used. Uthiggstandard, the author was aware that
the assessment of the airport pavement structucéordance with the above-mentioned
standard is only a certain analogy to vibration q@meena and their effects occurring in
cubature objects. There are no relevant normatste #r communication construction
facilities, although many detailed studies havenbpeepared, among others, for the metro
under construction, bridge structures, and othEng. following criteria were used to assess
the harmfulness of the impact of vibrations ondhiport pavement:

» vibration velocity amplitudes,

» acceleration amplitudes - SWDI scale,

» shock indicators - Zeller scale,

» shock power factors - the scale of vibrators. lacfice, the most common scales are
based on the vibration velocity criterion. Accoglito many authors, the critical
vibration velocities above which damage to struetuoccur are: for residential
buildings according to the authors of Dworzak aadd@vski 100 mm/s, for industrial
buildings according to Morris 40 mm/s, Kohler 5 msimbome of those who study the
issue of wave propagation in complex media, whigh imclude the coupled system
base and subsoil, define the vibration velocithatlevel of 2 mm/s.

Own analysis of the problem according to which th&ximum vibration velocity is
0.826 mm/s and the comparison of its results wiik proposals of the cited authors is
definitely divergent and is lower than the aboveatimed proposals. In further analysis, in
order to compare the obtained results with othiéeraa, velocity amplitudes were converted
into accelerations according to the following ssaleWD-1 (Dynamic Shocks Scale), Zeller's
scale - the scale of shock indicators and the spouler scale (vibrator scale). The calculated
guantities are as follows:

1. SWD-1 scale. The range of calculated accelerationg0.596 - 15, 176 cm s-2) these
vibrations are not dangerous for the building. e maximum acceleration bmax =
41.00 cm s-2, the vibrations recorded for the bagdut not dangerous in terms of its
durability. The amplitudes of vibration velocity daracceleration were determined
from the dependence (2).

2. Zeller scale. For maximum values max = 21.28 cn® -sweak vibrations. The
remaining values are within the limits of imperdblgt vibrations. The assessments
were made uging the dependence (3).

X= 1 3

In which:
Au — amplitude of vibration acceleration in mn2s -
X - shock index ins mm2 s -3,
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f — oscillation frequency Hz.

3. The scale of vibrators - the scale for assessiogla@tion and vibration frequency is
a compilation of these phenomena - it informs allbetsensitivity of the structure to
shocks. The maximum values of the shock power fe8tnax = 23.22 classifies the
phenomenon as weak vibrations, without damage dosthucture, however, after a
longer period of time, the appearance of the fiigtro-cracks in the structure can be
observed. The shock power factor was determined the dependence (4).

S=10 Iogﬁ 4)
&
In which:
@ - is an indicator of the shock power inTsf,
g, - is a comparative shock index for the structarguestion, its value can be taken

as 0,1 crhs®,

In order to determine the multiplication of disgatents under the influence of the
dynamic effects of aircraft, the multiplication fac was calculated. It was assumed that the
slab, due to its high stiffness, is treated asséesy with one degree of freedom, the substrate
was modeled with a spring of a certain stiffnesse Aynamic coefficient was determined
from the dependence (5). 1

Kd = \/(1_182) +4b182 (5)

In which :
kd — dynamic factor,

L= Zp) - p —the frequency of the driving force,

« - natural frequency,
b - the magnitude of damping.
The natural frequency was determined from the deperel(6).

« = 4,98 (g)“2 (6)

In which:
G — the size of the load,
K — spring constant.
The determined frequencies of natural vibratiomsraspectively:
» for a slab on a concrete substraie= 25,89 Hz,
» for a slab on a substrate of compacted sand ahdesei 16,70 Hz.
The frequency of natural ground vibrations was heteed from the dependence (7).
1 |C,F

f,= —
‘ 271\ m

(7)

In which:

f, — frequency of natural ground vibrations,

F — plate area in

m — vibrating mass,

C, — the factor depends on the dimensions of the glassure on the ground and its
characteristics.

The determined frequency of natural vibrationstred subsoil was fz = 21.37 Hz.
When calculating the coefficient, the value of tregjuency of vibrations of the exciting force
closest to the value of the natural frequency vaapted, they are respectively:
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» for slabs on a concrete substrgte= 2,43,

» for slabs on sandy and soil grougid= 3,77. For the native soll, this coefficientfs=
2,97.
The impact of damping is very significant in thheaclose to the resonance whén=

1,0, therefore the calculated values of this cofit for various pavement design systems are
above the resonance @f > 1,0, and consequently, the damping was omitteduding b =

0, the formula for the value of the dynamic coeéiit will take the form ( 8).
= ®)
1@-589

The numerical value of the dynamic coefficient foe considered airport pavement
structure is respectively:

» for slabs on a concrete substrate =<0,204,
» for slabs on sandy and soil groung%«0,076,
» for native soil, the coefficient isd< 0,130.

Soil resonance frequencies may change with thehdepd for subsoils under
pavements, it should be determined at the loadimpanil level where the pavement bed is
located. Knowing the resonance frequencies allavusty avoid excessive vibrations or local
settlement of the slab under dynamic loads.

In the analyzed problem, a significant impact diration damping on the pavement
structure can be clearly observed. Along with thereasing distance from the vibration
source, the vibration amplitudes decrease. Onéefeasons for the amplitude decay along
with the distance from the source of excitationthesgeometric damping. The effect of this is
the dissipation of wave energy in the elastic sgpaice. The propagated waves in the medium
along with their distance show an increase in tagenfront and a decrease in energy density,
and thus a decrease in vibration amplitudes.

Kg

Conclusions
The scope of the research carried out and thergngtation allow the following conclusions
to be presented:

1. The most frequent amplitudes occur in the frequaaoge for the TS-11-Iskra from
95 to 315 Hz, for the SU-7-BM from 85 to 270 Hzr the SU-22M4 from 62 to 125
Hz.

2. The greatest amplitudes were registered by seiscased directly at the wheels of
the main landing gear.

3. The frequencies of vibrations caused by the airerséd in the tests do not show any
significant differences. The occurring frequencifeitiences are mainly caused by the
physical and mechanical properties of the subsoil.

4. There were no significant differences in vibratiodepending on the type of
foundation. In the analysis of the phenomenon,ouarifactors were noticed, which
draw attention to the fact that the frequency @poading to the maximum vibration
amplitude of the ground base and the concrete isaset the only measure of the
phenomenon. It also depends on the distributioloads transferred from the aircraft
to the pavement, the connection of the "couplingvben working airplanes and the
pavement" as well as the spatial stiffness of tioeigd and pavement.

5. The maximum magnitudes of the amplitudes were dszbduring the aircraft engine
press, similar to the pre-take-off work regime. atly amplitudes are greater for
aircraft with higher take-off weight. The largesttioe recorded amplitudes is A = 193
mm /s and f = 125 Hz, and is a consequence dditheaft's operation on the "thrust”
that can be obtained in the proving ground test.
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6. The analysis of the phenomenon for aircraft allahistinguishing two ranges of

vibrations: with low frequencies from 60 to 400 Biad with high frequencies 600 to
1200 Hz.

. The calculated values of the dynamic coefficientreveslated to the type of the

applied layered structure of the structure - mathy subsoil and the foundation. The
numerical values of the dynamic coefficient rangarfky = 0.076 to 0.204, they are
relatively low. This proves that the multiplicatioh displacements is relatively small.
The related frequency of the exciting force is abthe resonance, i.e. wh¢h> 1.

The conducted field measurements are the only iontg& country, the analysis of the

phenomenon responds to some phenomena relatece tdyttamic diagnostics of airport
pavements. The field of the dynamic impact of uiloras on cubature structures is already
well developed, in the field of transport and artpmonstruction, there is very little work in
this field and the issues presented in this putiinaare few. The analysis of the dynamic
impacts on the airport pavement should take intmaat the impact of these phenomena, also
on the surrounding technical infrastructure. Thespnted considerations justify the need to
develop a new research direction related to theusyn diagnostics of such structures.
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