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Deformations of the surface and trackbed beside
the bridge objects - tests and diagnostics

Abstract: In the paper the results of research into dynamic rail deflections and rail
accelerations under passing trains are presented. The research was carried out on five railway
bridges within the precinct of Krakow Railway Management. The objects varied as to their
construction (ballasted, ballastless structures) and tonnage borne. The measurements were
carried out in the period of 18 months. As a result, special algorithms for predicting the
geometrical deformations and the changes in the dynamic stiffness of the railway structure
(track, subgrade, bridge) were worked out. These algorithms were implemented in the
diagnostic data base DIAGTOR. Some examples of the algorithms and calculations are
presented in the paper.

Keywords: transition zone; track and subgrade stiffness; transition effect; track and subgrade
deformation; maintenance

Introduction

The paper presents the results of synthetically approximately 3-year research project carried
out by the Cracow University of Technology, represented by one of the authors of the paper
and the company NeoStrain sp. z.0.0., represented by the other co-author of the paper. The
project consisted of two phases: research and implementation.

The first one analyzed existing literature on the issue of impacts of dynamic vehicle-
railway road and the formation of inequalities track geometry and surface subsidence and the
substructure - for example, [2,3,4,5,7,12,16]. Introduced own algorithms for determining the
dynamic stiffness of the road train and predict the degradation geometric [9,10,11].

As part of the implementation done tens of measurements of dynamic interactions
vehicle-track as the measurement of dynamic deflection rail, vertical rail acceleration while
measuring the speed of trains on six bridges with different structures and different load-year
(volume of traffic).

As a result of the research was a system and a computer program DIAGTOR for
diagnostics and forecasting changes in road train during operation.
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Description of the research on the research sections

The studies of dynamic deflections and accelerations of vertical rails in the transition zones
was carried out on 6 sections of research during the period from June 2014. December 2015
several series of measurement. Research sections were located at 3 railway lines, on the
railway line No. 8 Warszawa Wschodnia-Krakow, on the railway line 91 Krakow-Medic, and
on the railway line No. 100 MydIniki-Gaj.

- = — = Obiekt
strefa przejsciowa

1. QOutline of arranging measuring sections

On each of research segments 4 measuring diameters were covered according to the
scheme presented in the picture with No. 1. Points, in which measurements of dynamic
diffractions and accelerations were being conducted (pic. 2) they located on both tracks of the
track.

Measuring instrumentation of research segments
Measurements of vertical transfers of the track in first series of measurements, they carried
with noncontact method with sensors magnet-inductive of type MDS-45-M30-SA.

Team of the measurement of transfers of vertical tracks (pic. 2) constitute:
- handle of the device fastened to the foot of the track;
- sensor magnet-inductive MDS-45-M30-SA, fastened in the handle of the device;
- steel rod stuck in the roadbed (measuring base) at the window between undercoats.
The measurement of vertical accelerations of the track was being measured with HS 100
accelerometers of the Hansford Sensors company, screwed to metal cubes stuck to the foot
tracks (pic. 2).
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2. Team of the measurement of vertical transfers and accelerations of the track
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3. Measurement of dynamic deflectlons and acceleratlons of vertlcal rails

Conducted in the first period measurements were designed to refine the methodology for
measuring the acceleration to use the results of the measurement for the calculation of the
amplitude of the vertical deflections and wavelength diffraction and finding the correlation
between the values of effective accelerations, and deflections of the rail, so in this studies
tested different types of sensors at an angle the range and the frequency of the measured
vertical accelerations of the rail.

Also tested an alternative method of measuring the vertical deflection of the rail
loaded dynamically (contact measurements) using a potentiometric sensor Burster type 8713
and the measurement of the amplitude of the maximum dynamic deflection of the rail using a
electronic ruler (Fig. 4).

4 Measurements testlng acceleration sensors and sensors of the deflection
of dynamic surface

The results of the tests

Measurements of dynamic deflections and accelerations of vertical rails (Fig. 3), was carried
out during normal movement of rail vehicles (locomotives, trains , personnel units, and freight
trains) conducted at different speeds (from 10 km/h to 110km/h). The following pictures show
the process of dynamic deflections of the rail measured in sections of research for different
dynamic loads.
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5. Surface RHEDA2000, drive unit EN 64 at a speed of 40 km / h:
a) diffraction diagram -intersection PO, b) acceleration diagram-intersection PO,
c) diffraction diagram -intersection P1, d) diffraction diagram -intersection P2
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6. Ride passenger train:
a) Line No. 91 train speed of 80 km/h, intersection P1
b) railway line No. 8 speed train (Pendolino) of 110 km/h, intersection P1

Methods of measurement for diagnostic purposes The system diagnosis of transitional
zones is based on measurement the dynamic deflection rails to the simultaneous measurement
of the speed of the train. Based on the deflections and dynamic speed trains are determined
interactions of dynamic wheel-rail and strain in the surface (eg. under the bed), and is
determined the dynamic stiffness of the surface and the bed. Based on the strain and internal
forces in the surface are determined subsidences in those points, unevenness of the rail and
track twist- it is possible to diagnose the stirring holes under the beds. Knowing the initial
state of the track geometry (eg. The state after renovation) can make a assessment his
condition (collection diagnostics), at the current time (current diagnosis) and predict changes
in the course of further operation based on of empirical formulas. Measurements of deflection
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of dynamic surface for diagnostic purposes is performed while passing train with the spreaded
speed and reduced to:

— measuring the dynamic deflection surface in two cross sections normal PO and P1(look
Fig.1) located one in front and one on the object;

— measuring the speed of a passing train during the measurement deflection.

These measurements are carried out with the test set (pic. 7) consisting of displacement
sensors, radar speed meter, programming tablet.

Measuring element of the amplitude of the deflection of the rail loaded dynamically is ruler
electronic on the boom (pic. 8) attached to the foot of the rail and freely based on the
measurement tip face measuring pins embedded in rubble.

8. Electronic ruler to measure the deflection of dynamic of the rail

To accomplish diagnostic measurements associated with assessment of the size of dynamic
deflection of rails should:

a) determine intersections of the measuring section of the transition zone,
b) in the windows of the measurement intersections embedded in rubble measuring pins
(filling the space between particles rubble assembly foam) such that the flat surface of the pin
was in the axis of the intersection at a distance from 10 to 20 cm from the foot of the rail, and
about 5 cm below of the rail foot, c) to the foot of the rail attach booms with measuring
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sensors, d) the tip of sensors lean on a flat surface of pins embedded in rubble, so that the tip
of the vertically set sensor was hanging on a distance of about 10 mm e) before starting the
measurement switch on the tablet and run the program DIAGTOR and reset the readings on
the measuring sensors. f) measuring session includes a series of several measurements.
During each measurement perform measurement of the amplitude of the dynamic deflection
rail in 4 points and measure the speed of the vehicle passing through the test transition zone.

The measurement of the amplitude of the dynamic deflection rail is implemented by
electronic gauge attached to the foot of the rail, by measuring the size of movement of the
measuring tip gauge from the top surface of the measuring pin embedded in a pile rubble
between two adjacent beds. Measurement of the speed of the vehicle passing through a
section of the transition zone, carried out with the instrument Yukon Extend RLS-100.
Measurement of the speed of the vehicle perform directing the axis purposeful on the face of
the an approaching train or the face of the last carriage of the deflecting train.

Description of changes deformation of the surface and subgrade
Condition of the surface and subgrade within the bridge structure at the time (period)
exploitation is defined as:
S(ty) = 1Kt ) Graulte ) K et ) Gl )} (1)
Where:
K., . Stiffness of the surface (static and dynamic) G, Geometry of the surface (unevenness

vertical rails in the form of a trough or a ramp and warping)
K ,qStiffness of the subgrade, G ,Geometry of the subgrade (subsidences and transverse

deformations). Dynamic load depends on the state of parameters of mechanical surfaces and
the current state of the geometry of the surface, because the unevenness of rails significantly
impact on the dynamic load. At a given period of exploitation t, is expressed as:

P(t,) = {S(t, ) Qto )V (&)} (2)
Where:
S(t,) Is defined by the formula (1), Q(t,) Static axle loads of rolling stock V(t,) Is

exploitation speed in a given period t,. The evolution of the state of the surface and subgrade

is defined as:
E=5(t) (3)
and dynamic load at the given time exploitation is defined as.
Geometric measures of degradation are:
a) unevenness rails in the form of so called "Trough™ or "ramp" and track warping,
b) settlement of the subgrade.
Measurement of geometric deformation under load is carried out with the use of eg.
precise leveling. Are needed leveling patches mounted on the foot rails - Fig. 9.

pdt
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9. Schematic layout of leveling patches on the foot rails

As a result of measurements is obtained the form of deformations in transition zone on the
basis of which is calculated:

» gradients of vertical uneveness for each rail as:

P P
lewa ‘Wi lewa ~ VVi-1 lewa

Oiin = A

P P
i prawa i—1 prawa

W
[O/oo] oraz gi?ir—alwa: A [O/oo] (4)
ii-1

ii-1
Where: w’[mm] - the height of the rail head under load in intersection i—tym for left and
right rail, w”,[mm]- the height of the rail head under load in intersection i—1 for left and
right rail,for i =1,2,3,4, A;,_, [m] - distance between points.

» tarck warping under static load in case 4 pairs of points based on 5 m, defined as:

P P P P
_ (Wi lewa Wi prawa)_ (Wi—l lewa Wi—l prawa)

Wi,i—l = b [0/00] (5)
Where:
i=123 and w),.[mm] - the height the left rail head measured under load on the

engineering building (relatively on the surface of another type) w’, . [mm] -the height of the

i lewa

rail head on the left in the i -tym intersection of the track, wg ,..na[Mm] — the height of the right

rail head measured under load on the engineering building(relatively on the surface of another
type) W' prawa[MM] —the height of the right rail head in i-tym intersection of the track b [m] —

measuring base amount to 5m.

In connection in the creation of uneveness the dynamic load is rising,which causes the

acceleration of settlement pavement and subgrade. Measures of degradation of the surface are
mechanically:
a) reducing the stiffness of the surface-track bed - a significant reduction in stiffness is
observed when the deflection under axes of rolling stock around. 200kN reach values higher
than 3.0mm, b) increasing the heterogeneity of the surface - the stiffness (relatively deflection
dynamic) in the individual intersections are different from each other by more than 30%.
c) the effective values of the accelerations in the individual intersections are different from
each other by more than 20%.
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10. calculated dependence the maximum acceleration of the rail of the vehicle speed. The
point x = 17m,v=200 km/h, ¢ = 100 kNs/m/m, U = 40 MPa, P = 3x100KN
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11. Measured dependence accelerations effective rails on the speed of the locomotive [9]

In the research phase heterogeneity of the surface and substructure were taken into account in
the four intersections of measurement.

« the relative differences between the maximum deflection (dynamic)of the rail along a
longitudinal axis of the track.

» relative differences acceleration of vertical rails (the value of effective acceleration). In
connection with heterogeneities appears locally increased responses to beds (which are
associated with increased strain on ballast) and increased vibration imparted to the beds on
ballast and on the track bed in the transition zone.

Increased influences in given intersection will cause increased settling in this intersection.
Additional deflection of the rail, which arises as a result of mechanical heterogeneity is
defined of a intersection located at a distance of about 2-3 meters from a connecting location
of the surface or by a bridge structure (for example a point P,, other similarly). This
deflection will be determined as:

WP1 = Wszt +Wm +Wc +Wwiezy (6)

Where:

w,,, - dynamic deflection of the rail in cause of change the stiffness of the surface, w, -

dynamic deflection of the rail in cause of change of the surface mass, w_ - dynamic deflection

of the rail in cause of change the suppression of the surface, w,,,, - dynamic deflection of the

iezy
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rail as a result of a change fix the rail to the substrate (eg. changing the type of fastenings,
changing the type of beds or changing the type of of surface on unballast). The reasons for the
increased deflection given above will be absent at the same time, because each object has its
own specifics. Average strain under the bed as a result of the deflection defined by the
formula (5) is defined as follows:

U-w,-b
- F

ps

p (7)

Where:
p - The average strain under the bed, U - the coefficient of the rail substrate at a given point,

b - spacing beds, F, - the surface of the bed corresponding to the pressure of one rail.

Deflection referred to above will be used to calculate settlements in the model adopted in the
system DIAGTOR. It is based on the Munich model [6] and the model Kassel [8]. In the
Munich model adopted three values to assess the settlement of ballast [mm] (S, - positive

variant, S - pesimistic variant, S, - medium variant):

sred

Sop =1.57- p-AN +3.04- p***In N
S e =2.33:-p-AN +15.20- p***InN (8)

S =1.89-p-AN +5.15- p***In N
Where:
p - the strain under the bed,

AN - the number of axes in the first stage of settlement,
N - the numer of axes passing throught given section (calculated based on the number of
trains, which are monitoring).

In Kassel model adopted the subgrade settlement as
Cln N 0.6 -0.2 O.5h
S, =S, + -PJ7-El o| ——— |- f(D 9
VT - 0047 In N)(%” FoE (1+ 034 P ImmI©)
: .b
s, = % f, [mm] (10) Where:
v2

s,- settlement after passing the first axis, c- coefficient depending on the structure of the

transition zone(the shape of a technical wedge), N — Qorurg 20 - axles, which depends on the

load of the cumulative gross Q,,,., [t] and the adopted average axle load of 20 tons, P - the
dynamic pressure of the axis according to the adopted dynamic coefficient - eg. the formula
(17) El,,,- the stiffness of the carrier surface system to bending, h - the height of a technical

wedge, f (D) - the function of the width of a technical wedge, for D>1, f(D)=1 [4], o -
the average pressure on the track bed, ¢,,, - dynamic coefficient, b - the width of interaction
belt of the surface on track bed, f,- coefficient taking into account the relative settlement the

surface and substructure (in [6] taken f, =0.57), E,, - modulus of subgrade deformation

Dynamic coefficient (a function of the dynamic load depending on the speed) is
determined from a suitable nomogram after completing the parameter calculation for vehicles
existing railway on lines PKP PLK and for different sizes of "basin” and "ramp”, or in the
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absence of the existing deformation, knowing the characteristics of the track -eg. attaching

[1].
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12. Exemplary dependence of dynamic coefficient (labeled as ¢,,,) of train speed and size of
unevenness in a "ramp" or "basin" [3]

Model degradation of surface and substructure consists of the following components:
1) a model for dynamic calculations MRS (in the Finite Difference Method) which is used to
check nomograms for determining the dynamic coefficient of deformation as a "basin" and
"ramp" and to verification the deflection and acceleration of the rail, 2) the model of subgrade
to determine the stiffness of the surface and substructure based on structural details of
transition zone and bridges, 3) model of subsidence in two versions: Munich and Kassel, they
are subject to calibration on the given object (ie. are determined coefficients presents in the
equation of subsidence) 4) based on the determined subsidence in accordance with above
formulas will be defined a new form of deformation ("basin™ and "ramp” or "no deformation™)
and based on nomograms will be calculated a new dynamic coefficient, which is used again to
estimate the settlement 5) after these point again will be calculated settlement and - in this
way - in the feedback - will be determined evolution of the state of the track E =S(t) -

Fig. 13.
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Measurements: Data:

Stiffness Knaw(t) (ugiecia) State of surface and substructure at the time 1 :

Geometricness Gnaw(t) (niwelacja)

S(t): {Knaw(t)’ ;naw(t)' Kpdt(t)’ ;pdt(t)}

K nodt(t) Ev2 (t)

Analytic model
MRS model

Calculation of rail deflection in cause of heterogeneity

Calculation of dynamic interactions

(Individually or parametric calculations - nomograms for many combinations

(Individually or parametric calculations - nomograms for and cases)

many combinations and cases)

P(t)={S(t).Q(t).V(t)} Wy = Wy + Wy + W, + W,

Calculation of elastic displacement (deflection) and strains in surface and subgrade

Multi-layer model Subgrade model Correction ?

(by Ahlbeck proposition - w[11]) (stiffness calculation)

Quantitative criteria

(PKP PLK rules)

No )
Deflections acceptable? Sratl'!? def'lned by the
Correlation of deflections classification:
and accelerations Gradients heterogeneity 1) very good
i i acceptable? 2) good
(Determined in the research 3) sufficient
phase) 4) poor

Yes

Models of subsidence and deformation (DIAGTOR)
) . . Correction state for track T = to
Changing the geometry and stiffness: time T =1, state S(to )

Determination of deformation: "basin" and "ramp" or "none"

The forecast time to deform a disproportionate At =?

13. Model of degradation the surface and substructure

Acceptable  values of heterogeneity are determined on the basis of:
« applicable regulations (Regulation MTiGM, 1998, Dz. U. 151) [14], according to which the
difference in stiffness between the joined surfaces should not exceed 30% (condition
abolished by the Decree of the MIR 2014. (Dz. U. 867) [15] . ¢ regulations Id-1 [13]
* precise dynamic analysis with the use a computer program, which implements the model
MRS,

« taking into account the process of settlement and  deformation,
» with the use of deflection and acceleration data received from the measurements.
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The program DIAGTOR and examples of calculations

The program DIAGTOR is also a database of bridge structures (containing elements such as
line number, km, track number, type of object, etc.) and is a tool to assist in the diagnosis of
bridges and transition zones. Examples of screen shots shown in Figs14,15,16,17. Examples
of diagnosing the state of the surface and substructure shown in Fig.18, while the predicted
deformation during exploitation (ie. Time to take maintenance treatments) is shown in Fig.19.

QBEKTY | DANE OGOLNE | DANE EKSPLOATACYINE | DANE KONSTRUKCYINE L | DARE KONSTRUKCYINE 2

Numer obietty Test 20 11 2015
Typ obsektu | wiadukt podsyphkowy
Numer lini kolejowey 100
Kdometr (np. 187+264.25) =210
Kierunek | jazda po torze whascimym
Numertoru 1

Strona cbiskty | nsazdows

Pochylenie niwelety O
Dostep do zdainej bazy pormiardw.

Identyfikator obiekty  ABC
Nazwa wytkownika  ZLK Krakdw

Hasio usytkownika  Obwodows

14. Window with details about the general object and the transition zone

CRRETY | DANE GROUNE | CUNE FIPLOSTATYRE | DAMNG KONGTRLIGCYAE ) | DANG KONSTRURCYIE 2 | DANE GOMETRVCTIE | POMAaY | DiG

Kategeea brs britjoue) 45 O LK 2~ Sruporsychne

a7 us [ 1

os | 3 it}
prodkose [low/h]

15. Window with operational details and acceptable geometric deformations by Id-1
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| OBIEKTY | DANE OGOLNE | DAMNE EKSPLOATACYINE | DANE KONSTRUKCYINE 1 | DANE KOMSTRUKCYIME 2 E

MNawierzchnia przed cbiektem

szyny ’E:UEI.

przytwierdzenia [SB

podidady ’ Struncbetonowe P5-93/P5-94

diugosc podkladu 2,6
srednia szerokos¢ podkladéw 0,26
rozstaw podkdadow 0,6

grubosé warstwy podsypki 0,3

konstrukcja podtorza | geokraty

wysokosc nasypu 4
modut odksztatcenia podtorza 120

Uwagi odnosnie stanu nawierzchni

16. Window with construction details of a railway

GEEETY | AL GOOUNE | A DN GETA00ME | AU ROMETRECT NN | | DAL CONSTRISLYINE §1 DWANE CEOMTTISCINE | soMas | GMOMOSTYES  SEUITA FRORADLCSE | WINSSARZAINE PUARSAIW

Buts stinsbomy ymeeston smgmasysre poeasns y FES0 A1) R4
Foacimm Wy hos: €t § 6N puw )

et bl ettt el el

| KA

D “mmepgemy e ¢ = -y

Pl PO

Parrarene rrte o berer ame vy Harar b | Wann shamte matrmad

G

17. Window with geometric details in transition zone

CREATY | DAMR CEOAME | TAME CRRLOATAT AR | DAAS COMVTRRALYING | | WG DCAOTIAACTPA ) | DG ONTTRVEIM - *VRE0 DReiTiie | FROGNCA STIR00CT | ATRITASSIAN FONURAOW

PO drmwiive B gy Xposs fpeamaive dan Inttse
Pkt 08 wm haum 1

Pttt - Rt 1

fee?l - LU L

fotll U o hattd IS
Padoscpecan e hestoirpoceys I

18. Window with exemplary results of measurements
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(men/m)

19. Window with the forecast of geometric degradation (deformation) and mechanical
degradation (dynamic stiffness)

Summary

The paper presents the results of the research phase and implementation support system
diagnostics bridges DIAGTOR, which was developed in cooperation with the Technical
University of Cracow and companies NeoStrain sp. z 0.0 in Krakow in the last three years.
This is on the one hand database of bridges, and on the other side the measuring system with
the software used for the current diagnosis of surface and subgrade, and to predict the rise
speed of deformation of a railway during the exploitation.
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