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Abstract

The thesis is devoted to the area of load identi cation predols. It belongs to
the category of inverse problems which are often ill-pogddny di culties may
appear when parameters of dynamic and impact load deterioimaare consid-
ered, especially if the real-time condition is required. wNe cient techniques
for load identi cation are needed in many technical apgiicas (transport, civil
engineering etc.). Practical implementation of new, nofpersive techniques -
for load monitoring in surface transport, as well as for irtpkad identi cation
applicable for Adaptive Impact Absorption devices - are than motivation for
the performed research.

The thesis is rather experimental in matter. However, th@erimental re-
search was supplemented with many numerical simulatiomsdar to expand the
area of investigation. For example, numerical tests weredu® analyse some
factors important for the precision of the developed loa€nti cation techniques,
as well as for the veri cation of the proposed algorithms.

The thesis contains three main parts of research. In the oste (Chapter 2)
the problem of load identi cation in road transport is codsered. The identi -
cation task consists of estimation of the tire-pavement at force as well as
the detection of the vehicle mass. The research is devotethéoso-called road
Weigh-in-Motion (WIM) techniques which involve the monitgy of strain devel-
opment in deformable bodies by use of piezoelectric stramsars. The feasibility
study of two new types of WIM devices (i.e., a beam-shape ankaaplate-shape
one) were conducted. Their development was supported byearioal modeling
validated experimentally. It allowed to investigate soraetérs important for the
identi cation of a moving load by means of proposed devicEse research proved
that, since the width of the detector is similar to the tyread contact area, the
signal amplitude cannot be taken as a load equivalent. Ryptes of the beam-
shaped as well as the plate-shaped WIM devices were budtpeareover, the load
identi cation algorithms were proposed for these devicéduch higher precision
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of the plate-shaped device makes it more useful for prakctioplementation.

In the further part of dissertation (Chapter 3), developmemd practical im-
plementation of WIM device for the railway transport is dissed. The device may
constitute a part of a larger Structural Health MonitoringHM) system dedicated
to railway truss bridges. A methodology based on the moinitpof strain develop-
ment in the rail caused by the running train was proposed. $tnain piezoelectric
sensors were used; their readings were veri ed by anotheasorements tech-
niques, e.g., strain gauges. The experimental researchcaaged out in-situ and
enabled to validate the numerical model of the rail-sleegreund system. A nu-
merical and experimental research allowed to analyse theiarfactors that need
to be considered in order to obtain proper values of the idedtdynamic forces
exerted by train running on the rail. The identi cation algtihm based on the on-
line calibration (utilizing the known locomotive weight)akes the measurements
insensitive to some environmental conditions. The conddaesearch proved that
the piezoelectric strain sensors are useful for dynamid idanti cation and are a
good alternative for some more popular measurement techasq

The research described in the fourth chapter is fundamemtatter. An anal-
ysis of the process of a rigid body impact into a pneumaticoahsr is considered.
Two algorithms for real-time impact load parameters estiima have been de ned.
The impacting object's mass and initial velocity (i.e., &lit energy) have been
identi ed. The proposed methods were experimentally andnartically veri ed.
Both algorithms operate in real-time and enable identi at of impact during a
few initial milliseconds. It makes them useful for potehfisture applications in
adaptive impact absorbing systems since none of them regjtiire sensors located
on the impacting object. It was checked that the precisionnudss identi cation
depends strongly on the absorption system properties. # praved that indepen-
dently on the identi cation method, accurate velocity idénation is much easier
to perform than accurate mass identi cation.



Streszczenie

Przedmiotem rozprawy jest tematyka zwijzana z identy kaopcij»e«. Zagadnie-
nie to bazuje na rozwijzywaniu zadania odwrotnego, ktorstrzjest tle uwarunk-

owane. Wiele problemoéw pojawia sii w przypadku detekcjiapaetrow obcij»e«
dynamicznych i szybkozmiennych, a szczegolnie, gdy wymeagest spe2nienie
warunku funkcjonowania w czasie rzeczywistym. Potrzebaawahia nowych tech-
nik pomiarowych jest zauwa»alna w wielu dziedzinach (wdpancie, in»ynierii
lidowej itp.). Wprowadzanie nowych, tanich sposobow defekbcij»e« w trans-
porcie drogowym i kolejowym, jak réwnie» metod identy kamtcij»e« aplikowal-
nych do urzjdze« przeznaczonych do adaptacyjnego rozaréaznergii uderzenia,
stanowi motywac;j; dla podjjtych badax.

Praca ma charakter g2wnie eksperymentalny, z wykorzyestarmodelowa-
nia numerycznego w celu rozszerzenia zbioru testéw eks@enainych. Badania
symulacyjne stosowano ponadto do analizy czynnikow igtitnze wzglidu na
dok®dnoz+¢ identy kacji obcij»e« oraz do wery kacji propwanych algorytmaow.

Rozprawa zawiera trzy zasadnicze czj+ci merytoryczne. &imgizej z nich
(Rozdzia? 2) rozwa»any jest problem identy kacji obcij»@«uchu drogowym. Za-
gadnienie to rozumiane jest jako estymacja si®y kontakipwest|pujicej mijdzy
ko%ami pojazdu a nawierzchnij drogi, oraz okrexlenie maggzolu. Przedmiotem
bada« sj dynamiczne wagi drogowe (ang. Weigh-in-Motiorfirkch zasada dzi-
a®ania bazuje na detekcji lokalnych odkszta?ce« w obiedtai@owijcym przetwornik
nacisku. Do pomiaréw wykorzystano technologi} piezoelgdanych czujnikéw od-
kszta?ce«. Zaproponowano dwie wersje urzidze«: belkoay ptytowy przetwornik
nacisku. Badania obejmowa®y testy w rzeczywistych warcimikaolowych oraz
symulacje numeryczne. Przeanalizowane zosta®y czyrsikne ze wzgl,du na
dok®dnoz+¢ identy kacji obcij»e« przy zastosowaniu prapeanych urzjdze«. Udo-
wodniono, »e amplituda mierzonego sygna2u nie jest dolmementacjj obcij»e-
nia w sytuacji gdy strefa kontaktu ko®a z nawierzchnij jesr@vnywalna do sze-
rokoxci przetwornika nacisku. Sformu2owano algorytmytiglkacji dedykowane
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dla badanych urzjdze« oraz zbudowano ich prototypowe werZnacznie lepsza
dok2adnoz¢ p2ytowego detektora nacisku stwarza wilkszelimozci praktycznego
wykorzystania tego rozwijzania.

Kolejna cz|+¢ rozprawy (Rozdzia® 3) poxwijcona jest na @zwpraktycznj
realizacj, dynamicznej wagi kolejowej. Urzjdzenie to met@nowi¢ element sys-
temu monitorowania stanu kratownicowych mostow kolejowy@aproponowano
metod] wykorzystujici pomiar odkszta®ce« szyny kolejoweywo?anych przejaz-
dem pocijgu. U»yte zosta®y piezoelektryczne czujniki atiése«, ktérych dzi-
a%anie zwery kowano stosujjc inne techniki pomiarowe, nensometry oporowe.
Badania wykonywane w warunkach polowych pozwolidy na warj; modelu
numerycznego uk®du szyna-podk®ad-podi»e. Testy gkspetalne i symu-
lacje numeryczne umoxliwidy sformu2owanie algorytméwtydeaciji oraz anal-
iz} parametréw, majjcych wpdyw na dok®adnot¢ wyznaczetiaijpe«. Algo-
rytm kalibracji dora'nej (wykorzystujjcy znanj mas; lokootywy) daje mo»liwox¢
odseparowania pomiaru od wp?ywu niektorych czynnikéw Zexmych. Badania
wykazady, »e piezoelektryczne czujniki odkszta®ce« mgg;vaykorzystywane do
identy kacji obcij»e« i stanowij dobrj alternatyw; dla inpch bardziej popularnych
technik pomiarowych.

Rozwaxania przedstawione w czwartym rozdziale rozpravyaharakter bada«
podstawowych. Analizowany by? proces uderzenia spadsjobiektu w absorber
pneumatyczny. Badania pozwoli?y na zaproponowanie dwigdnamow deteke;ji
parametréw obcij»enia. Rozwa»no identy kacj} masy i prigici uderzajjcego
obiektu (a wijc i jego energii kinetycznej). Zaproponowametody zwery kowano
numerycznie i eksperymentalnie. Obydwie techniki dziatajzasie rzeczywistym i
umon»liwiajj detekcj; parametréw uderzenia w cijgu kilku ggtkowych milisekund
procesu. Cecha ta powoduje, »e mogj by¢ u»yteczne w urzjaaerprzeznac-
zonych do adaptacyjnego rozpraszania energii uderzemig. (ddaptive Impact
Absorption), gdy» »adna z prezentowanych metod nie wymagi@srczenia czu-
jnikbw na uderzajjcym obiekcie. Sprawdzono, »e dok®admogzhaczenia masy
uderzajjcego obiektu jest uzale»niona od parametréw dimar. Wykazano, »e
niezale»nie od u»ytej metody identy kacja prjdkozci jesbtiwa z wilkszj pre-
cyzji ni» identy kacja masy.



Chapter 1

Introduction

Load identi cation constitutes an important type of engieeng problems. It be-
longs to the category of inverse problems, since its objecis to determine the
reason (load) on the basis of the result (measured resporiBegrefore, the task
is usually not trivial because in many cases inverse idgatibn problems are ill-
posed. In case of a static or quasi-static load its deterrigmais usually easy
to perform. However, level of diculty increases drastiyain case of dynamic
excitation. In dynamic load identi cation many di cultiegend to appear, espe-
cially when impact loads are considered. This is caused bst sluration of the
phenomenon and might be the result of relatively high loallies

E cient techniques for load identi cation are needed in martechnical appli-
cations (i.e., road and railway transport, aircraft, brigigetc.) and are sometimes
important parts of Structural Health Monitoring (SHM) syains. Introduction of
such techniques for monitoring of the loads in surface tpams(i.e., road and rail-
way) and for impact load identi cation, used as input measuments for devices in
Adaptive Impact Absorption (AlA), are the main objectivektbis thesis.

In many cases, important aspects are to keep the operatime fin the timing
constraints and short computation time of the applied metlotogy. It is clearly
visible, in case of the mentioned AIA systems, when the laadmeters must be
immediately determined and in predictable time fashionpider to control the
impact process to minimize the structural dynamic respatse to random impact
loads excitations. So the real-time conditions must belfetl. Short response time
is also crucial in many safety systems, e.g., when an airlesire is considered,
the impact parameters must be immediately obtained for\atibn. Real-time
dynamic load identi cation techniques can be also used inagyic scales (i.e.,
Weigh-In-Motion systems), which should recognize the tsigf passing vehicles

7



8 Chapter 1. Introduction

without delay. Real-time applicability of identi cation athods is yet another
important purpose of the thesis.

There are many applications which use dynamic load ideatian techniques.
Nevertheless, the majority of them are rather expensivelwig a reason for their
limited applicability. The development of devices whicle #he subject of the
thesis is focused on inexpensive solutions, neverthellessprecision aspects is
not neglected. Therefore, as a measurement methodologypibeo-techniques
are chosen. Piezoelectric sensors have excellent dynammpemies and rather
acceptable price. Therefore, the aim of the thesis was taaobtlevices which are
inexpensive yet su ciently accurate.

1.1 Motivation

Great need for the road weigh-in-motion (WIM) devices isatedl to their use-
fulness in branches of tra ¢ engineering. There is a vastiefyr of such devices
(see WIM review) mainly developed for estimations of vehietights while they
travel at high velocities. The measurements detected bgé¢hmeans are useful for
statistical and planning purposes. Their importance foerdoaded truck detection
is indisputable. WIM systems can be also utilized for thégia e ects prediction
and for transport infrastructure (i.e., pavement, bridgesaducts etc.) lifetime
estimation. Nevertheless, all of the currently commetgialvailable systems are
very expensive. It is the main barrier precluding popudéion of such devices.
Another problem is their limited precision. The general vation of the e orts
taken in the second chapter of the thesis isdlamand for inexpensive WIM
road technology with metrological parameters, similar to o r better than
the commercially available systems and much cheaper.

Since the train operators were separated from the compamigsng and main-
taining the railroads, the need to monitor and control laggliand weight of the rail
cars has increased. It is also the result of introductionadifead pricing and train
access charges. The other reason is an increasing interéf®t oailway industry in
implementation of, Structural Health Monitoring (SHM) téoologies. According
to the idea presented in ref.][L] 2] and the patent pending {B¢ identi cation of
train load acting on a bridge is necessary for performingseghbent identi cation
of damage in an analyzed structure. Thus, the motivation loé third chapter of
the thesis is alemand for inexpensive WIM rail technology that enables for
monitoring of the railway transport and/or constitutes a pa rt of a larger
SHM system.

The controllable and predictable impact energy dissipatis an important
technical problem for several transportation and indugdbnanches. One of the
proposed solutions [4] 5] are the Adaptive Impact AbsorpijalA) devices, dedi-
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cated for dissipation of impact energy with simultaneousagation of the minimal
deceleration of the protected structure. Neverthelesgntication of the impact
parameter is required in order to introduce the mitigatioropess. Hence, the
motivation of the fourth chapter of the thesis is @emand for real-time im-
pact load identi cation methodology which enables to predi ct the impact
parameters used to trigger an AIA system.

1.2 Review of the dynamic load identi cation meth-
ods

The load identi cation in a direct way (i.e., the sensor bgilocated in the point of
applied the load) is very often di cult to conduct or even is iimpossible; hence,
the indirect methods are required. As the consequence, tiagl lidenti cation
usually belongs to the class of inverse problems. It can beedeas the nding
system inputs, based on the given responses, boundary tmorgliand system
model [6]. Very often the identi cation leads to optimizati problem when the
objective function is to minimize the residual error betwélee measured responses
and numerically evaluated ones in the time domain [7]. Aeoitea is to solve this
problem on the basis of the deconvolution technique. It isdzhon the assumption
that the response of a body subjected to excitation is lihealependent on the
applied load([8].

It is worth to point out that the load identi cation problemsi fundamentally
an experimental one, requiring good quality data for its cassful solution[]9].
Several important aspects can be emphasized to make thdiiciion feasible,
namely:

the measurement data should be characterized by high vailubkeosignal-
to-noise ratio,

the number of searching parameters should be lower than thasmrements
number,

the sensitivity between the measured data and searchingrpeters should
be high.

The load identi cation is usually not a trivial problem bacse most often it is
ill-posed and at least one of the following conditions is fdtlled [6]:

the solution is unique,

there exists a globally de ned solution for all reasonatd¢ad
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the solution depends continuously on the given data (theb#itst criterion).

The ill-posed problem is characterized by the fact that tineadl inaccuracies in
experimental measurements can cause very large variamtes identi ed entities.
The general concept for the solution of an ill-posed problesnto transform it
into a well-posed problem by using additional informatidroat some expected
or typical characteristics of the solution. The techniqueghich transform the
problem to the form of a well-posed one, are regularizatiomcpsses. In general,
the regularization lead to replace the original problem he tapproximate one, the
solution of which is considerably less sensitive to erf@i$. [Many methods can
be listed; nevertheless, the most popular ones are the Hiatt Singular Value
Decomposition[[11] and the Tikhonov method. The second oas mtroduced
in 1963 [12] and was successfully applied by researchersaity rkinds of load
identi cation problems [[13] 14]. The regularization mefti® might be generally
divided into two groups: the direct and the iterative oneJ1%or both of them,
a crucial aspect is the proper choice of the regularizati@mameter. The too
small one results in noisy computed solution, while the taghhvalue leads to
distorted solution by the regularizing condition. Many edques for selection
of the regularization parameter were proposed but the Lveumethod and the
generalized cross-validatidn [14] are most common in use.

Identi cation problems are notoriously di cult to solve rtanly because of their
ill-conditioning. The second aspect is that many of the gepd solution methods,
need to use the system function in analytical form and thisamsethat most of
the structural systems analyzed were relatively simplethBbese di culties are
ampli ed for nonlinear systems [1L6]. Therefore, the greajanity of methods are
limited to the linear systems$ [17] in which assumption of #mall displacement
and stationary parameters is applied. However, some aretddwo nonlinear[[14]
or elastoplastic[[17] structures. The author 6f [16] propdghe method, capable
of determining multiple isolated force histories as welragtiple forces, in the form
of traction distributions for nonlinear structures. The mimearities were arising
from large de ections and rotations and/or from material tevior in the form of
elastic-plastic and hyperelastic responses. The proposetthod was based on a
sensitivity response approach connected with a gener&¢ element program.

It is worth to mention that non-collocated problems occuraif least one of
the loads does not have a distinguishable, immediate inagelwn any of the
sensors. Hence, the important aspect is the optimal distidn of the sensors
in the structure such that the resulting measured data aresmioformative for
estimating of the parameters. This problem was analyzedheyresearchers in [18,
19,[20,/21]. The identi cation problem in case of a small nuenlof detectors was
considered in papers [20,/22].
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The big variety of the load identi cation methods can be falim many papers.
References [12,] 6, 23, 24] give excellent summary of liteeadf this problems, as
well as an overview of the subject itself. The di erent criteof classi cation of
the used ones can be listed. The authors[ofi [23] have clagshe methods into
two broad groups (i.e., pattern recognition, model-based)

Pattern recognition types are the methods, in which the mathematical model
of the structure a ected by the load is not required. The idiecation can be
performed on the basis of the data base, which is construbiedimulation or by
experimental measurements of various load scenariostiagon the considered
structure, which are to be identi ed later. This method gs/¢he comparison of
the actually measured structure responses to the ones dtoreghe data base.
The point is to retrieve the most similar one. Hence, neitharumerical model of
the structure nor a simulation of the actual load scenarie aecessary [23]. The
pattern matching technique was considered in the thesi§ f{@5identi cation of
the impact force in a read/write head of hard disc, when a hé&agacts bump
on the disc surface. These methods are also in use for thectiral Health
Monitoring problems([[26, 27] and are often encoded in thenf@f the neutral
networks.

Model-based methods required the pre-calibrated numerical model of the
structure. The identi cation is performed on the basis oftinteractive modi ca-
tion of the cases of load scenarios a ected on the modelledcstre. Simulation
of the following excitation variants is conducted in orderdbtain structural re-
sponses and performed for comparison with the experimigrabtained one and to
minimize the di erence. The model used in order to identifetload parameters
might be parametric ( nite element, spectral element) ormparametric (virtual
distortion method, neutral networks).

One of model-based method has been presented]in [8] and veisatked to
identi cation of the low velocity impact force, acting onri@nated plates by use of
embedded piezoelectric sensors. The relationship betieeimpact force and the
corresponding strain responses of a plate structure wandtated on the basis of
the nite element method and the mode superposition methdthe identi cation
of force histories was achieved by de ning of an inverse Iprabwhich was solved
by the quadratic programming optimization method.

Slightly di erent classi cation has been proposed by thelzars of [6,[12]24].
The methods performed for identi cation of operational g based on system
response were divided into three main categories: i.e.erd@histic, stochastic
and based on arti cial intelligence.

Deterministic methods are based on the system model simulation. Their
results depend strongly on the accuracy of the inverse mutigiti cation [6].
The model should be validated and this process requires peresent with input
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and output measurements. The deterministic method my besilad according
to the signal processing methodology applied for experiaiatata analysis. As a
consequence, the frequency-domain methads [[28[ 29, 25fiametdomain meth-
ods [20/8/24] are in use. The used domain is a result of loadackeristic to be
identi ed. In general, the frequency-domain methods asslgme-consuming [12].
It is especially important since the real-time identi cati problems are considered.

Stochastic methods are in use where there is not enough information about
the dynamics of the structure, as the consequence, it is issjie to obtain the
deterministic relations which are required to calculate thperation loads. The
general concept is based on nding statistical relationsamsen the output and the
input [6]. To nd these relations, measurements of the inpwnd outputs during
operation of the structure are needed. Sometimes it is ditcto conduct but the
numerical simulation of the system behavior might be helpiia general, the two
statistical methods are in use, the multiple regression and inverse structural
Iter [12].

Methods based oarti cial intelligence can be realized using arti cial neural-
network (ANN) algorithms[[30], fuzzy algorithms or genegilgorithms [31]. These
methods require a learning process in order to nd the relatbetween the input
and the outputs. Hence they have a lot in common with the ststit ones. In
general, the considered methods have an advantage ovetdlistigal ones which
is caused by its suitability to the highly nonlinear probge[®2]. For instance, the
authors of the [[32] developed an approach for identi catiohthe loads acting
on aircraft wings, which uses an arti cial neural network rriodel the load-strain
relationship in structural analysis. As the rst step of tistudy, for veri cation of
the concept, the aircraft wing was simpli ed to a cantileedrbeam and distributed
loads were approximated by a set of concentrated loads. $tpraved that the well-
trained Arti cial Neural Network reveals an extremely fasinvergence and a high
degree of accuracy in the load identi cation. Alsolin [7] fldenti cation technique
of force location and magnitude was proposed, using theirstnaeasurement of
an isotropic plate and the Neural Network.

The problem of load identi cation was understood by the @®hes in a dif-
ferent way. Some of them considered the problem as detettinimaof the in-
tensity only with a single point load with location of the soa to be known
a priori [33,[34]. In other cases the identi cation was focused on fhasition
only [30,[24]. Moreover, there are some more challengingaguhes when the
load position and its intensity [3%] 7] are considered. Fatance, the authors of
the [16] developed the methodology enabling to determindtipia isolated force
histories as well as multiple forces in the form of tractiastdbutions. Moreover,
the di erent load scenarios were taken into considerationtbe researchers. In
some papers the impact load identi cation was analyzed(]9,(21], some oth-
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ers considered the moving lodd [36]. In paper [37], a methbdhoving force
identi cation is developed using the dynamic programmieghnique. The forces
were identi ed in the time domain using recursive formulaldhe responses were
reconstructed using the identi ed forces for comparison. general, the problem
of moving load was mainly devoted to vehicle axle load deteation in case of
bridge-like structures. Unfortunately, most of the paper® limited to methods
veri cation in the laboratory stage and relatively few habeen validated under
eld measurement conditions with a bridge-vehicle system.

It is worthy to mention that some researchers expand loadtidmtion prob-
lem. In the paper[[17], the authors considered the identiioa of coexistent
load and damage which is referred to the simultaneous reéngt®n of an un-
known external load and damage (both type and size) of a daadagructure. The
patent-pending[[3] considered the dynamic load identiicatas the rst stage per-
formed in order to determine the input parameter for structbihealth monitoring
of the bridge structure.

Taking into account the subject of the thesis, an importamiteria is operation
time of the method (i.e., the time required to identify paraters of the acting
load) and predictability of it (i.e., fullled deadline catrains). Unfortunately,
these parameters are usually not discussed in the liteeatience very often it is
complicated to categorize the method to one of the group.(i@-line, on-line,
real-time method).

The example of theo -line identi cation methods can be found in_[20, 17].
The author [20] considers a methodology far posterioriidenti cation of spatial
and temporal characteristics of dynamic loads. The proposethodology was
based on the o -line analysis of local structural responsteain, acceleration etc.)
and required a dedicated sensors system to be distributélderstructure in order
to measure and store the response.

The method dedicated foon-line load identi cation can be found in[17,5,
38]. The authors[[39, 40] applied observer techniques ofnomk input estima-
tion and adopted it for on-line estimation of external loadshe two methods for
dynamic load identi cation base on Luenberger observergehzeen shown in the
paper [[22]. The rst one is based on information about fregag characteristics
of loading, while the second one uses only information alm®iormation of the
structure. The authors of the paper_[24] give an excellengérgiew of the topic
of on-line load identi cation topic. The four time-domain ethods have been in-
troduced (i.e., inverse structural Iter, partial modal rtréx technique, dynamic
programming and unknown input observer approach). The pajiscuses the ad-
vantages and disadvantages of these approaches. A comparfsthe technique
gives the conclusion that all of them have their own merirgjtations and draw-
backs. Therefore, the application is the decisive factoemwliechoosing a particular
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method.

It should be emphasized that the method of identi cation sk not be very
complex to be applicable ireal-time. Especially in case of phenomena of very
short duration (i.e., fast dynamic or impact) and in case whihe immediate
response is needed. Sophisticated methods usually regldrey computational
time. Nevertheless, because of the increase in the speathgfuater analysis, some
methods, which were originally used to be applicable oelimight be applicable
in real-time in near future[]5]. It can be pointed out that, wadays, the real-
time method should be based on the hardware data processithgmthan use of
the time-consuming computation. In general, the statistic pattern recognition
techniques are much more suitable for real-time identiioat because of their
relatively low numerical cost, contrary to the determiidsbne which usually makes
use of a numerical model of the structure and requires longmdational time.
The deterministic methods de ned in the frequency-domaia available for real-
time problem because they are usually much less time-coimguthan the time-
domain ones[[12]. In general, there are still limited nunsbefr methods capable
of real-time determination of the dynamic or impact loadgiag on an structure.
The presented work is dedicated to Il this gap.

In this thesis, the pattern recognition identi cation tenlgues were mostly
adopted. They were used in the developed WIM devices whiehdascribed
in the second and third chapter. Moreover, the techniqudechlresponse map"
described in Chapter four is pattern recognition one, cantrto the method called
"peak-to-peak" which is a model-based one.

1.3 Real-time systems

The real-time expression has been rst introduced in the late 1940s [41{igi©
nally it was associated with the military applications buiwadays it spans a wide
range of elds including industrial plants control, autothe, ight control sys-
tems, monitoring systems, virtual reality etC. [42]. In fathis term is applied not
only by the scientist and engineers but it is in use in daity. li

In the simplest form, theeal-time systems can be de ned as those systems
that respond to the external events in timely fashion|[43Jarde main measures
that count the merits of real-time systems are: predictabry rapid response to
urgent events, high degree of schedulability (i.e., suddtfeasible schedule) and
stability during transient overload [44,45]. Another imfant aspect is that a
real-time system should be deterministic. Hence for eacksitde set of inputs,
both a unique set of outputs and the next stage of the system lsa determined.

In general, a real-time systems are supposed to satisfydiadline con-
strains (i.e., maximum time allowed for a computational pess to nish its execu-
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tion [42]) to avoid the failure. Depending on the consequencaused by omitting
this condition, a real-time systems can be divided into ¢hcategories: hard, soft
and the fair ones. Aard real-time systems are characterized by the fact that it
is absolutely imperative that the responses should ocdlimvihe speci ¢ deadline
because the catastrophe might happen. On the contrargo#t real-time sys-
tems might operate properly even if deadlines are occasionatligted. In these
systems, the missing of the deadline leads to the systenopednce degradation
and not to a catastrophe. In general, the hard real-time eyst have to handle
both hard and soft activities [42].Systems called a rm real-time are aimed
at bridging the gap between hard and soft ones. In the rm rale systems, a
small xed number of deadlines can be omitted without thedbsystem failure
but missing more may lead to complete and catastrophic sydlure.

The real-time expression is always associated withrdaetive (i.e., system
in which scheduling is driven by ongoing interaction witleithenvironment[[41])
and theembedded (i.e., systems which are found in a system that is not itself
a computer [[41]) systems. A good example of the system whickupposed to
operate in the real-time are car airbags. The airbag shoeléhbated in the proper
time from the very beginning of the car crash (i.e., not tostfand not too late)
to protect the driver in the optimal way. This shows that bokwer and upper
time bounds are important [46].

It should be mentioned that one of the most common misconicepts that
a real-time system must be "fast". Indeed, many hard reaidi systems deal
with deadlines in the tens of microseconds but this is not thie. Such systems
which are supposed to immediately response, are sometiailesi ceal real-time
systems. The most important property of a real-time system is not glhispeed,
but predictability [42]. In a predictable system, we shoblkd able to determine in
advance whether all computational activities can be congolevithin their timing
constraints.

Taking into account that the subject of this thesis, one of ibbjectives is to
propose systems which ful Il the real-time condition. Thtise real-time expression
should be explained in details. Depending on the chaptethisfthesis, slightly
di erent system and conditions were considered. The hardl-tene condition
is assumed in case of Chapter four (i.e., Impact load idesation). There, the
potential applications are the AIA devices in which the infation about actual
loads values allows to design appropriate control straedor smoothing down
the impact process. Taking into account the short duratiohtbis phenomena,
the system must be assumed to be real real-time one. In Chapte(i.e., Road
Weight-in-motion), the system can be assumed as the soft-tiege one. If we
consider that the proposed WIM device will be used as theefeeton scale,
which does not ful ll the real time condition, missing theatine will lead to the
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potentially overloaded truck to continue its driving inateto a catastrophe. The
Rail Weight-in-motion system considered in Chapter thrae be assumed to be a
rm real-time one. The load parameters are needed for a biggructural health
monitoring system. So, not satisfying the real-time comaitdoes not have to lead
to the catastrophe. The proposed division is rather exiblecause it is di cult
to strictly classify the systems. Nevertheless, in any case a principal goal of
real-time systems engineering to nd ways to transform hdehdlines into rm
ones, and rm ones into soft ones [42].

1.4 Advantages of the proposed piezo-techniques

The presented thesis is rather an experimental than a the@meone. Most of the
experiments were performed using sensors operating onais bf a piezoelectric
e ect. Hence, its analysis has been included with consitilema focused rather on
its sensoric features and mainly from the practical pointiefv. Its objective was to
stress the measurements advantages of the proposed pgehmigjues, nevertheless
their drawbacks are not neglected. The presented study vesfopmed on the basis
of a literature review, however it is strongly in uenced hytlzor's own experience
related mainly to the piezoelectric ceramics and strainggsisensors.

For the piezoelectric transduction elements either singyestal (e.g., quartz) or
ceramic (e.g., PZT) materials are most common in use. Thertpis characterized
by its better measuring properties. All ceramics inheremthve hysteresis while
the quartz is almost free from this e ect_[47]. Poorer institan resistance in
piezoelectric ceramics makes them less suitable for qiasc measurements,
contrary to quartz sensors which give excellent quasiistasponse, too. A slightly
poorer linearity and smaller temperature range is also ttagvbdack of piezoelectric
ceramic. The operation temperature range for piezoelecteéramics is limited
by the Curie temperature, above which the ceramics loosepadlarization and
therefore all piezoelectric properties [47]. Its propestiare temperature-sensitive
(pyroelectric e ect) and the operating temperature does ngually excee@00 C,
while quartz is characterized by a high time and temperatsitability and the
maximum operating temperature 600 C [48]. Despite the piezoelectric ceramics
su ers from some problems inherent to their nature, they amgmmonly in use as
sensors. The reason is that they are characterized by hidirevaf piezoelectric
constant and are relatively inexpensive. For exampleogiertric ceramic strain
sensors are comparably priced to strain gauges. Therefoezo-techniques are
rather inexpensive, contrary to other techniques (e.g.erboptics). This fact
enables to the multiplication of measurements points iasieg accuracy of nal
measurement results.

The important advantage of piezo-techniques is existeriadirect andinverse
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piezoelectric e ects. This enables a vast applicabilitydamakes possible the
use of piezoelectric materials as both sensors and actsiatdf the activation
capabilities are considered, the important aspect is tHa piezoelectric ceramics
is characterized by the highest energy density [49]. Thi&uiee was mentioned
in the paper [|50] in addition to another actuations matesigi.e., pneumatic,
magnetostrictive, shape memory alloy). Nevertheless, ithportant drawback
of piezoelectric actuators is their low stroke. A comprediea study and recent
developments of piezoelectric actuators can be foundih [Bllsome devices, both
e ects (i.e., direct and inverse) are in use. The example wéhs application are
ultrasonic systems where the transducer rst transmits aisar ultrasonic pulse,
and then detects the echoes received from the defect or tdE#}. The advantage
of the piezo-technique, thanks the both mentioned e ects,the possibility of
application of an automatic technique for self-sensing detkcting the potential
piezoelectric material failuré [53].

The advantage of piezoelectric sensors it is their extrgnvatde measuring
range (span-to-threshold ratio up to 100 million) [48]. lte@ns that, for instance,
a force sensor with rangdN that can still measurenN , too. From the practical
point of view it is an extremely important feature, becauke same piezoelectric
sensor may be applied for measurements in di erent appticat that require dif-
ferent spans of measurements. Nevertheless, in this caiseritcommended not
to calibrate over the full range but over a part of it. It is s@dause, despite
its excellent properties, some small hysteresis or namiities are observed in the
piezoelectric sensors [47].

The high value of span-to-threshold ratio makes the piezcteic sensors ex-
cellent for strain measurements. Even a small strain canasdyemeasured - the
threshold of such sensors can go below 0,0001J47] - which is far below the
threshold of wire strain gauges. The author has observesl fiture, where for
the same value of the deformation, the signal obtained fréva piezoelectric sen-
sor reached the value of volts, contrary to the strain gaygdsere millivolts signal
level was observed. It lead to a much better signal-to-noé® of piezoelectric
sensors. Another important practical measurement aspediced by the author
was that piezoelectric strain sensors did not require asdgguality of prepared
surface as in case of strain gauges, and the piezoelectnisose were moreover
much less vulnerable to the strain gauges. Nevertheless 0bthe drawbacks of
piezoelectric surface strain sensors was that they weresodgable for the mea-
surements in case of small, strongly curved surfaces agntoathe strain gauges.
This is caused by the fact that piezoelectric ceramic senswoe brittle and they
are fabricated as at-shaped plates. Nevertheless, anriadtive might be the
piezoelectric foil sensors which slightly overcome thistdition.

The important aspect of piezoelectric sensors is theirvectperation mode.
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Contrary to the passive one, no external energy is needetht@irothe output sig-
nal. This feature results in smaller installation cost. Ptwo wires must be lead
to a piezoelectric sensors contrary to, for instance, strgauges in which three
wires are needed. With piezoelectric detectors, strong@edr voltage signals are
obtained directly from the sensors without the need for imiediate gauge bridges,
signal conditioners, and signal ampli efs [52]. The direensing piezoelectric ma-
terials bring about, moreover, the excellent dynamic prtips [49]. The response
time form of others sensor's types is rather longer. Thisdsduse of the fact that
the passive sensors indirectly yield an output, rather tpagsively change their
electric properties (change in resistance, capacitancimauctance) as a function
of the measurand_[47]. This aspect enables vast applicatiorthe piezoelectric
sensors especially when the dynamic phenomena are measured

Piezoelectric sensors su er from the well known e ect ofirrent leakage
(i.e., undesired change of an output signal in time whicha$ & function of the
measured variablé [47,148]). This feature makes the sensoraiseful for static
measurements which is a disadvantage. On the other handethee claims that
this requirement is not so strict and the measurements ofsipséatic signals in
frequency range below 0.1 Hz, are also possible [48]. Asxbhmple, the infor-
mation introduced in the papef [54] might be mentioned whére signal level
of the statically loaded force sensor decreased less thanaftés 30 minutes. It
is worth to mention that, the charge drift e ect is systematiand, in general, it
superimposes on the measured signal as the linear functiome [48]. Thus this
unpro table e ect seems to be predictable and it might be cpensated during
measurements to make piezoelectric sensors more suitablgusi-static mea-
surements. A comprehensive electromechanical model fdar, R&luding drift
modelling, was developed and tested experimentally witttess in[[55].

Piezoelectric sensors inherently have very high natuegjuency, which makes
them very proper for the dynamic measurements. An importature is their
very wide range of frequency, which makes them suitable fanyrapplications.
This allows to measure phenomena ranging from quasi-statiextremely rapid
ones.

In general, it might be concluded that the thesis takes intmsideration the
short duration phenomena, so the choice of the piezo-tetdgyoseems to be ad-
equate. Nevertheless, the maximum bene t from piezoeleatteasurements can
be obtained when a correctly assembled measuring systeppiged. Especially
important is to obtain a thorough knowledge of limitation$ e used method-
ology. Thus, the choice of a proper sensing system shouldrbegy related to
the considered application. All measurements techniquese hsome drawbacks
and limitations. Therefore, the best way is to compare deat methodologies. In
the presented thesis, this was done in the case of the weighetion applications
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when the research utilized piezoelectric strain sensots drain gauges. More-
over, few kinds of sensors were used in the fourth ChapterayHer instance,
the velocity identi cations of the impacted objects wererfiemed on the basis
of piezoelectric accelerometers, LVDT displacement seasd high speed camera
movie analysis.

1.5 Objectives and composition of the thesis

The extended literature survey emphasizes the need forlpgpnexpensive method-
ology for monitoring of surface transport (i.e., roads amilways) and maintenance
of road and railway infrastructure. As a consequence, tts main objective of
this research was:

To develop a new road WIM system based on strain piezo-sensors, with
metrological parameters similar or better to the commercia Illy available
WIM devices but less expensive.

The author's original contributions are:

development of a new road WIM device in the form of a steel besunted
in the road surface and equipped with a system of piezoétesansors,

development of a new road WIM device in the form of a steelgpabunted
in the road surface and equipped with a system of piezoétesénsors,

numerical modelling of the beam-shaped as well as the glhsped WIM
device and its experimental veri cation on the basis onirasitu installation
and eld demonstration,

formulation of an algorithm for dynamic load identi catioshedicated for the
beam-shaped as well as the plate-shaped WIM devices,

formulation of calibration methodology for new WIM devices

determination of the factors that are important from the mtical point
of view for proper dynamic load identi cation by use of WIMarbdevices
operating on the basis of the piezoelectricity e ect.

The potential application for the SHM methodology develdpa thesis [[56]
are railway bridge structures. For its implementation, m@@ements of the bridge
excitations (i.e., load caused by the running trains) arquieed see’|1,12] and the
patent pending(IB]. Hence, the second main objective of thigearch was:

To develop inexpensive WIM rail technology based on strain p iezo-
sensors for monitoring of railway transport that constitut es a part of a
larger SHM system.
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The author's original contributions are:

development of the methodology capable of monitoring of thibvay trans-
port on the basis of detection of the strain history measunedail by use
of piezoelectric sensors,

formulation of the measurement algorithm for railway loagtekttion as well
as formulation of the procedure of on-line calibration foetrail WIM system,

numerical modelling of the rail-sleeper-ground interactand its experimen-
tal veri cation on the basis of chosen measurements teches)

determination of the factors that are important from the pical point of
view for proper dynamic load identi cation by use of WIM vedly devices
operated on the basis of the piezoelectricity e ect.

The research performed in thel [4,/57] has shown the need fealatime impact
load identi cation methodology that enables detection afiaptities required for
optimal control of the impact process. The potential apption for the desired
methodologies are the Adaptive Impact Absorption (AlA) ideg. Hence, the third
main objective of this research was:

To develop real-time impact load (i.e., mass and initial vel ocity of the
impacting body) identi cation methodology enabling to pre  dict the impact
parameters used to trigger the AIA system .

The author's original contributions are:

de nition of the two real-time impact load identi cation mrcedures capable
of detection even if no sensors are xed to the impacting hody

development of the stand for dropping tests in order to destmate the
concept of the real-time dynamic load identi cation,

formulation of the concept and patent pending [58] of a newédyof de-
vice concept (i.e.jmpactometer ) that is capable of the real-time impact
identi cation as well as the study of range of its parameténat make the
identi cation feasible.

Composition of the thesis

The thesis is organized as follows:

Chapter 2 discusses the road Weigh-in-Motion systems. The developmie
a new device begins with the literature review, which give®werview of known
road WIM devices and emphasizes the problems faced by tleangsers. Then,
the preliminary concept of the new road WIM device is proposehe main part
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of this chapter presents the research performed by the auithorder to evaluate
the concept. The algorithm for moving load identi cation iatroduced, which
can be categorized as a pattern recognition technique clpalb identi cation
load intensity and its position (see review of the dynamadlddenti cation meth-
ods). The research objective was to analyze the excitatiarameters which are
important if the load identi cation is considered by mearfstbe proposed device
. The analysis was performed by use of a FE model and a smatidestand for
preliminary evaluation of the concept. The research waginaed by means of a
full scale laboratory testing stand. Later on, the proposemhcept of the device
was testedn-situ in road condition. Because some serious limitation of theaid
occurred, a second concept of the device was proposed. Td& s evaluated
by use of a FE method. Finally, a prototype has been built ediog to the second
concept and was veri ed with success in road conditions. papers([50, 60, 61]
include the elements of this chapter.

Chapter 3 is devoted to the Weigh-in-Motion methodology for the raijw
transport. The literature survey of the known WIM systemddor the railway
is discussed similar to the one performed in Chapter two. iifan parts of this
chapter are focused on the practical implementation of th&MA\failway system.
The methodology of indirect identi cation of load based dmet analysis of strain
histories in the rail is proposed. The measurement sessitarsied out in-situ,
enabled to propose the idea of a self-calibration methogiplof the WIM device.
An experimentally validated numerical model of the radkegler-ground system is
precede by the short literature review of the rail models.eTtumerical analysis
enables to improve the self-calibration methodology. A etigal and experimental
research allows to perform analysis of the crucial factbeg heed to be considered
in order to obtain proper values of the identi ed dynamicdes exerted by train
running on the rail. Measurements conducted by the use of Kewls of sensors
and di erent electronics were performed and compared. Thieved that the
piezo-technique is useful for dynamic load identi catiohhe result presented in
this chapter was published in the articles [2] 62]

The research presented @hapter 4 is focused on the development of a new
type of detector so called (impactometer) as well as the noekblogy capable for
real-time impact load identi cation on the basis of locaftyeasured response. The
fourth Chapter is related to the Adaptive Impact Absorptisyistems as a potential
application for (impactometer) device. Thus, some revidvwihe AlA subject was
included. The mass and impact velocity (i.e, kinetic engrgl colliding object
are consider to be identied. Two approaches, dedicated hés tpurpose were
numerically and experimentally examined. First approacbadled "response map"
is based on the measurement of the colliding object contaotd. This method
utilizes the database of chosen parameters of measuree tuistories stored for



22 Chapter 1. Introduction

vide variety of impact scenarios. While the second approaetkes use of the
impact force and acceleration measurements and it is basedhe analytical
formulation. Finally, the concept of the device (impactae® is included. The
chosen part of the chapter has been published in confereaperd63], in fourth
chapter of the book(|5] and included in the paper under re\ig4.

Chapter 5 underlines the key conclusions of this research and engdsmtie
original achievements.



Chapter 2

Road Weigh-in-Motion

2.1 Introduction

This chapter is devoted to the so-call&tleigh-in-Motion (WIM) technologies as
an example of application for dynamic load identi catiorckmiques. At the be-
ginning, a brief technical review was included. The litaratsurvey was dedicated
to an overview of dierent kinds of WIM systems. The caliboat methods as
well as the factors in uencing the identi cation precisiamas taken into account.
The main part of the chapter is assigned to the feasibilitydst of the new WIM
devices. Its two types i.e., beam-shape and plate-shape weveloped. Both
operate on the basis of the monitoring of strain developniardeformable bodies
by use of piezoelectric strain sensors. The research wasdaahthe validation
of the proposed algorithms for the inverse problems, whiehewdedicated to the
axle loads identi cation by means of the proposed devicese &xperimental part
included laboratory experiments for preliminary evalmtof the ideas. Further,
the Finite Element (FE)models of the devices were proposed for improvement of
these concepts. Finally, a full-scale experimental vabdaof the WIM algorithms
and the proposed devices was performed in eld tests.

2.2 Review of WIM systems

Weigh-in-Motion (WIM) is the technology that appears to seeme the limitations
of static weighing scales. In general, these systems werelajged in order to
obtain estimations of vehicle weights while they travelhwhiiigh velocities. Most
often the WIM devices are intrusive and the detectors are edaded in a roadway

23
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to measure the force exerted by a vehicle acting on the panemvhen its axle is
passing over the sensors [65].

WIM systems can be classi ed on the basis of the velocity eanghich en-
ables identi cation of their weights. In general, there dmgh-speed WIM (for
velocities greater than 15 km/h) and low-speed WIM (smatlean 15 km/h) [66].
Another classi cation can be based on the device montagénetogy. Detectors
can roughly be divided into emplaced and portable. Emplagdetctors, once
anchored, are usually not removed and are able to detect the tinformation
continuously. Portable detectors are used for short-teratadcollection and can
be moved from place to place_[67]. Moreover, WIM systems neaylibided into
two major groups according to their shape, which is relatedtheir operating
rule [68]. The rst group are the so-called weight-plate ®&y\s, characterized
by the fact that the full footprint of a tire is acting onto theensing elements.
On the contrary, the strip shape sensors systems are iegtatl narrow pavement
grooves. The detectors widths, in this case, are smallen e tire latch so the
force signal has to be integrated over the wheel contacttleng

WIM devices were developed in order to detect many pararaet€he infor-
mations achieved by their means are often used for plannimggses, for instance,
during tra c design and pavement design phase. The factdke kruck-tra c vol-
umes (base year and future growth), truck operating speeatk lane distribution
factors, vehicle class distribution, axle load distributi axle con gurations, tire
in ation, and lateral load distribution factors [69] are meoften crucial in this case.
Especially important for statistical purposes is deteration of vehicle class and
the total number of vehicles. For instance, the Americarssi@ation includes 13
classes of vehicles from motorcycles as Class 1 to sevenreraxie vehicles with
multiple trailers as Class 18169].

WIM systems most often contain at least two weight detectanstalled ex-
actly parallel and orthogonally to the driving direction.h@ spacing between the
two detectors rows is selected according to the average dsléstributions. On
highways, typically 4 m with a parallelism &f 4 mm is ideal to keep velocity
errors below other dynamic weight errors|[70]. ClassicaM\V8ystems are very
often equipped with an inductive loops which are emplacedvéhicle detection
in weighing area and in order to perform classi cation of thehicle [[71].

WIM systems have several advantages like:

possibility of measuring the tra c load without the neceggito stop the
vehicles or even to limit their speed,

capability of performing measurements over a long time quesj which is
useful for statistical analysis [72],



2.2. Review of WIM systems 25

possibility of identi cation of many parameters.

Nevertheless, few disadvantages can be listed as well. Tdst important
is the limitation of the accuracy of load identi cation. The is always a di er-
ence between the static load of a vehicle and its dynamic.loéds caused by
the dynamic component in the signal. Hight quality WIM systguarantee 6%
accuracy of the actual vehicle weight for 95% of the trucksaswred. Therefore,
such systems are often used only for preliminary estimadiothe weights, while
a static scales are necessary for exact measurements, apriesented in Fid. 2.1.

2.2.1 Types of sensors used in WIM systems

Many kinds of sensors have been applied in WIM devices. A dwigrview of
currently used sensors can be nd in the papérs [69,(65, 72664 The rst
were used in early 1950's and generally consisted of a numifbsirain gauges
mounted on the underside of bridge girders![75]. Today orly primary WIM
technologies are used in humber of applications. The mogtufas of currently
used WIM systems operate on the basis of detectors like pleztric and quartz
sensors (operated in compression mode), bending platgsciiance sensors, load
cells and optic bers. These sensors utilize di erent plogsiprinciples and are
brie y presented bellow.

Piezoelectric and quartz sensors

One of the most popular types of WIM detectors are based omgakectric and
quartz sensors. Detectors of this type are narrow bar-sdage that only a small
part of the imprint of the passing tire a ects the sensor. Asesult an integration
of the measured signal is necessary. Figl 2.2 a,b presenss-sections of the
detectors.
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Figure 2.1: Typical con guration of a Weigh-in-motion system [73
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a.

Figure 2.2: Cross section of: a. piezocable WIM sensor, b. gtiz WIM sen-

sor [72]

Detectors of this kind produce voltage signal that is prdpral to the stress
caused by the passing wheel. The piezoelectric materiatrgées electric current
only when the force changes. It means that piezoelectric Vdidtices can be
applied only in case of dynamic excitation. Therefore, tehigle must be running
during measurements. On the contrary, the quartz WIM desican be applied in
cases of both, quasi-static and dynamic excitations. Bseaof a high resistance
of quartz, these sensors can reliably measure wheel loads tioa very low speed
(less than 1 km/h), yet the high rigidity of the quartz elemsngives the sensors
a wide frequency response, allowing to measure up the eebpeeds far beyond
100 km/h [70].

Moreover, in contrast to piezocables, quartz crystals db stww pyroelectric
e ect, thus even fast temperature changes do not cause ariff df the signals.
The quartz also has the advantage of an almost negligiblepterature coe -
cient of sensitivity (approx. 0:02%= K), thus no special means for pavement
temperature compensation are necessary [68].

Piezoelectric and quartz WIM devices can be installed tirdnto a slot in
the road for permanent applications, or taped down for pbteaapplications[74],
which is a signi cant advantage of narrow strip sensors. Hkes the installation
of them much easier and takes considerably less time thawifber detectors’[76].

Bending plates

Bending plate technology incorporates a steel plate wittaist gauges attached
to its underside[[66]. The plate is often completely covevgth hot vulcanized

rubber for durable humidity and corrosion protection/[7Als axles pass over the
bending plate, the system measures the strain and calcsiltte load required
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to induce that level of strain [76]. The width of the plate iach that the whole
wheel is on the plate. Thus, no integration of the signal ieded, and in principle,
only the greatest weight is recorded as the wheel passestbggrlate [77]. This
provides an accuracy advantage to wider detectors in cors@arwith the narrow
ones.

Capacitive mats

The capacitance mats consist of two metal sheets separayemidielectric material.

An outer surface layer surrounds the sensor, protects tieelgplates, and allows
the sensor to be placed on the pavement or in a mounting framevoltage is

applied across the two metal platés [76]. When a vehicle gmeser the mat, the
distance between the plates decreases and the capacitasoeaises [65], what is
interpreted as an e ect of the vehicle mass.

Load cells

A load cell type WIM detector comprises one or more fabridas¢éeel or other
material beams or plates that are simply supported by a loaelli & each cor-
ner [66]. Sometimes load cell devices are built in the formveighing platforms
with hydraulic cylinders placed beneath them. The dynaroicé of the wheel or
axle is measured by analyzing the change in the hydraulispre[[65].

Optical ber sensors

A typical sensor is constructed of two metal plates weldezbad an optical ber.
An applied force causes change in the properties of the Ihat tan be detected
in the light passing through it. This change is proportiot@khe force applied [69,
78]. The optical ber WIM systems are not fully developed aar@& not in eld-
operational use. System accuracy and life have not beerblesttad [[79].

The main advantage of the sensor is its immunity to corrosiad electromag-
netic interference. The disadvantage is a relatively higbt ©f installation which
is the result of the expensive electronics used in this nreasent technique.

Bridge WIM

As an alternative to pavement WIM systems (presented abdkie) concept of
using bridges as scales for vehicle weighing has been gwi88]. In the so-
calledbridge WIM system, a bridge is equipped with a set of sensors for deigcti
the response of the structure caused by traveling vehiclgsight is determined
indirectly by means of strain gaugés|80] or ber optics [Bidunted on the bottom
side of the bridge. The best results (approx10% accuracy) has been obtained
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in case of sensor installed on a simply supported reinfocoedrete slab bridge 5
to 10 meters long [82].

Multiple sensor systems

If only one detector records the instantaneous load exebied tire, a signi cant
error in the determination of the static weight can occur asansequence of the
dynamic load oscillations. In order to improve the accura€estimation of the
static load on the basis of measurements of dynamic tireeg®ranultiple WIM
sensors system have been introduced. The same axle of devishineasured few
times during its transverse movement. The load is identi®dmeans of a simple
average of all the sensor readings or sometimes a more $ioptesl procedure
(e.g. signal reconstruction method, maximum likelihoodtimoel etc.) are in use.

2.2.2 Calibration of WIM sensors

The objective of a WIM system is to accurately identify thatst value of a load
by means of dynamic measurements. Usually, to reduce thertainty related to
the dynamic e ects, the location places of WIM systems areaally prepared,
so that the pavement is smooth and at. Another crucial aspiscrelated to the
calibration procedure of the device.

In general, the calibration is a test during which known eslwf the measur-
and are applied to the sensor and the corresponding outpadirgys are recorded
under speci ¢ condition [47]. The objective of the calibiat is to experimentally
obtain the calibration coe cient, which is a multiplicatio coe cient applied to
the actually observed value to minimize the uncertainty][83cale calibration fac-
tors are adjusted to minimize the mean error obtained whempgaring static and
dynamic weights [76]. The calibration coe cient can depead many factors like:
car velocity, outdoor temperature, etc. That is why the badition process should
enable determination of the calibration coe cient as a fumn of the mentioned
factors [84].

Few calibration techniques have been proposed by the retserar in the past.
A brief overview of calibration techniques can be ndlin!/[@6,/84,77]. A review
of static methods has been presentedLin [85]; these teclasique limited to static
sensors like strain gauges, ber optic or capacitive sens@nother disadvantage
is that they do not take into account the e ects of dynamic liag, neither does
the specic tire impact. In general, the static methods arsed as the rst step
of the calibration process.

A dynamic procedure of calibration has been proposed end86]. Few tech-
niques of this kind can be listed. Some of them require specicitation devices
used for the generation of the dynamic excitation such askaling Weight De-
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ectometer. Others make use of vehicles with known weight. First, tlagie loads
are measured statically, and then vehicles pass severattihough the WIM sys-
tem which is being calibrated. Their payload and speed shbel varied. The
number of the calibrating vehicles is usually limited to taothree of di erent
types that are representative for the vehicles to be weigHi&].

The calibration can be also applied using especially eqaiphicles. A set of
sensors installed in suspension and in tires allows thendinad of each of the
vehicle axles to be measured in a continuous way. Dynamitslaee matched to
the places of the WIM sensors. Because there is no exact rdaihoalibrating the
instrumented vehicle, the real accuracy of the measurembat not been exactly
established [77].

An interesting technique of self-calibration has been pmd in[[83, 87]. The
method is based on the statistical assumption that the ageraxle load of the
rst axle of a lorry with a three axle trailer varies relatiydow. Its mean load is
equal to61 677N with the standard deviation of 7.3% [83]. The calibraticactor
is obtained by comparing the statistical mean weight and mtheasured weight.

2.2.3 Factors in uencing the measurements by the WIM sensor s

This section is devoted to the factors that may a ect the measment results of
WIM system. In general, some of the factors are related to ¥kéicle and its
driving condition, some to the road, and others to the WIM sieig system[77].

The challenge for the researchers and engineers develdpiNgsystems is to
identify the value of the static load (which directly corpemds to the weight of the
vehicle) on the basis of the measured dynamic interactidwéen vehicles and the
road surface. The dynamic behavior of a vehicle is in uenogdehicle speed, its
air resistance, non-linear suspension characteristios:-limear tire behavior and
tire pressure. The wheel loads are not constant what is alresfuthe vehicle
dynamic interaction with the road [88]. The main movemenfsaovehicle body
bounce (between 1.2 and 3 Hz) and the axle hop (around 10 Hz).eRample of
the measured relative changes of the vehicle axle load @asepted in Figl_2]3.
This unpro table e ect is one of the main factor leading toier precision of WIM
systems in comparison to the static scales.

Tire footprint area and pressure distribution

One of the factors that may in uence the estimation of vebigleight is the results
of tire footprint shape and size variation. In general, tire footprint (latch) length
varies typically from 100 mm to 300 min_[70]. The width of thefprint can vary
considerably, especially if both single and double tireelhare considered.
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Figure 2.3: Relative changes of vehicle axle load at the vetity of 80 km/h [89]

Recent studies have demonstrated that the tire-pavememttact stress is far
from being uniformly distributed. The distribution of theoatact stress depends
on: tire pressure, tire load and tire type. Measurementsiref imprints at various
loading conditions showed that the contact area is more aagular at a low tire
pressure and more circular at a high tire pressuré [90]. Atrapparent e ect of
the increased tire pressure would be a reduction in thegaeement contact area,
which may in turn result in an increase of the tire-pavemeontect stress and
consequently, more damaging e ects to the pavement. Lomgethe tire pressure
leads to a larger contact area, reducing pavement's steasel strains [90]. The
example of the mentioned e ect is presented in Hig.] 2.4 [70].

The most current research [B8] was performed by means of anentially
available strip-type piezo-electric WIM sensor. The measients were repeated
for three dierent tire pressure con gurations:70% of the rated pressure, the
rated pressure and30% of the rated pressure. According to the results, the tire
pressure is not found to be the most signi cant factor a egj the dynamic loads.
A similar conclusion can be drawn (for the rigid pavement)tioa basis of[[91].

Another factor which has an in uence on the footprint shapetlie value of
the driving torque applied via the tire to the road. The liggure studies[[92, §4]
con rm that the distribution of the tire pressure di ers caiderably between the
driving and not driving axles, as presented in [Eigl 2.5 a,b.

Climate conditions

WIM systems are typically outdoor devices so that the cliemadnditions like tem-
perature and humidity should be considered by the desigriargeneral, tempera-
ture has a signi cantly more important in uence then humigi89]. In the Polish
climatic conditions, the temperature can vary in the rang80::: + 40 C [71].
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Figure 2.5: Experimental measurements of tire pavement cotact stress dis-
tribution: a. driving wheel, b. not driving wheel [92]

This factor might considerably e ect the sensor sensifivitlt is prominent, for
instance, in case of piezoelectric sensors, because ijaaldor a given axle force
changes with the temperature. In case of piezoelectric mefemostly a direct
proportion between the temperature and the sensitivity waserved |47, 89, 93].
The temperature dependence was noticed also for the benpletg WIM system
produced by PAT company. A temperature compensation wasiegaluring the
cold period[[77].

To compensate the temperature in uences, WIM system can dpgiped with
additional temperature sensors. The temperature measaergmcan be taken
into account in identi cation algorithms by means of the atidnal correction
coe cient [89]. The two method of compensation of the climate ects were
considered in[83].

Velocity e ect

Monitoring of the velocity is important; rst of all from thereventive and sta-
tistical points of view. Moreover, the velocity might havesigni cant in uence
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on the weight identi cation, which is due to the sensors bela For instance,
piezoelectric sensors can generate di erent voltage dfgaa a function of the
vehicle velocity[185]. Especially, for relative low velesi(20 30 km/h), they can
give the underestimated valués [94]. As a consequence, dleeity e ects have
to be compensated in the load identi cations algorithms.

Other factors

Many other factors which may have in uence on the accuracy\dM system
can be listed. One of them is improper mounting of the deviod bad pave-
ment condition. For proper measurements, the road pavenuemditions before
the WIM sensor system must be possibly well prepared in dadeninimize the
dynamical e ects. It should be noted that even if the road &ywsmooth and the
suspensions are good, there is always some dynamic contpafrttie loading, so
that in practice the axle load varies at leastL0% [77].

Other e ects can be caused deliberately by vehicle drivdfsfor instance,
braking or rapid acceleration occurs, the obtained measer# results are cor-
rupted by additional dynamic e ect and can be inaccurate.

Some unpro table e ects can be minimalized by proper algoris and ex-
tended calibration procedures. For instance, in case ofinear sensors the load
value should be taken into account in the identi cation aliom. As a results,
the calibration factors may depend on the load values.

The important part of this chapter was dedicated to the resdeof the factors
important from the point of view of load identi cation presibn . The objective
was to consider them in proposed algorithms and in devicgdgshase.

2.3 New concept of tra ¢ load identi cation

In this section, a new methodology of identi cation of dynantoads acting on
road surface is presented. The concept has been inventedleweloped in Smart-
Tech Centre at Institute of Fundamental Technological Resh since 2003. The
practical implementation of the device was introduced irogeration with the

company Contec . This section is focused on the study of abed beam-shape
WIM device. The research was performed in order to validate groposed tech-
nique and algorithm based on the inverse problem solutidme ®bjective was to
make the identi cation of unknown parameters such as logatof the axle load,
its intensity and vehicle velocity feasible by means of tt@ppsed device.
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Figure 2.6: General concept of the proposed beam-shape WIMedice

2.3.1 General idea of the beam-shape device

The proposed approach is based on the concept of monitoffistyain development
in a deformable body a ected by a moving load. According te tieneral idea, the
beam-shape WIM device is a symmetrically supported stga piounted in the
road pavement and equipped with a system of piezoelectris@s, see the scheme
in Fig.[2.6. When car wheel passes over the beam, its deféomas observed
and the piezoelectric sensors produce signals. The lodigiali dimensions (2 m
length) and its road locations were assumed that only oneelire each vehicle
axles is loading the beam-shape device. The axle load idetiin is performed
on the basis of the measured beam response and using antlahlgevhich operates
on the basis of solving the corresponding inverse problem.

2.3.2 Laboratory tests of the beam-shape device

Laboratory tests were performed for a feasibility study lné idea of beam-shape
WIM device. The thorough explanation and preliminary latiory tests can be
found in appendix B. This research enables to develops gperitim of the load
identi cation which is explained in appendiX C.

In the next stage of laboratory experiments a full-size bedmape WIM device
was tested see, appendiX D. This research was done for jpmalyncalibration
of the device prepared for road tests and moreover was dedic® obtain the
reliable results needed for nite element model validation

2.3.3 Numerical analysis of the beam-shape device

The nite element (FE) model of the proposed beam-shape cewias prepared.
Commercially available software "ADINA" was used. The niai@ensions as well
as the boundary conditions i.e., support conditions weralagical like in case of
beam used in laboratory test (see apperidix D) and in roadsexents. In order to
the boundary conditions be the most similar to "real" onegtie numerical model
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Figure 2.8: Piezoelectric strain sensors distribution in he beam-shape WIM
device

for the nodes localized on the supports and bolts edges, dugaks corresponding
to Z-axis were xed. The general view of the model is shownim 7.

Since small deformations in steel were assumed, the elasiicopic material
model of the structure was used. Taking into consideratiba WIM device shape
and its dimensions i.e., thin wall structure, the model imgd the shell type of
nite elements. A more sophisticated model which utilize BB was not required
and not recommended due to the numerical costs. The modéketi four-node
type of FE which was based on the Reisner/Mindlin plate tlgdd8]. The density
of the mesh discretization was determined by the sensoremiions (5 25 mm)
and its location (see Fid._2.8). Thus, the spherical shape5%nm FE, was used.
Total number of the nodes applied in the model was approxatys24 000

Sensors were modelled by use of the simpli ed procedurespted e.g.,[[96].
It is generally based on the analysis of the linear and rotatiisplacement in nodes
overlapped with the edge of "real" sensor. The procedurestaknito considera-
tion the thickness of modelled sensor and piezoelectristaomns. More thorough
explanation can be found in appendik A.

The general objective of numerical simulation was to aralfy®e factors asso-
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Figure 2.9: Comparison of the experimental and numerical sults (horizontal
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ciated with the vehicle wheel interaction that may in uentte load identi cation.
The parameters like: load position, tire-pavement contsitess distribution, width
of the tire imprint and velocity of the travelling load (vehé velocity) have been
considered.

Numerical model validation

The numerical model of the beam-shape device has been tealida the basis of
the laboratory experimental results (see appefdix D). Edvistories (see Fig. D.2)
and load positions were analogical to the laboratory te3tee comparison of the
experimentally and numerically obtained results are preskin Fig.[2Z9. The
graph illustrates the signal amplitude with respect to tlad position obtained
from six "real"/modelled sensors. Sensor numbers preskmethis gure cor-
respond to Fig[C218. The similarity of the values is satitdag, what proves the
correctness of assumptions made in the prepared numeriodiem

Contact stress distribution e ect

The objective of the research presented in this section vesicdited to the beam
structural sensitivity for the tire contact stress distution. It was modelled by
means of force vectors a ecting the structure (see Hig.] 2at)ich were moved in
each simulation step. The horizontal velocity of movingdagas equal to 10 m/s
(36 km/h).
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Figure 2.10: Distribution of the load vectors used in FE modé& a. not driving
tire, b. driving tire

Two stress-shape distributions were examined. The rstresponded to the
driving tire while second to the not driving one (see Fig)2.B both cases the
same total load (5000 N) as well as tire foot print area (300 mm300 mm)
were modelled. The lateral load distribution was modellediaiform as shown in
Fig.[2.10 a, b.

Obtained results of signals amplitudes as functions of tmrs of load ex-
citations are presented in Fig._Z]11 a, while the signalspshexamples for two
analyzed excitations scenarios are shown in[Eig.]2.11 b. ntmebers of modelled
sensors corresponds to the graph Kigl 2.8.

Contact stress distribution shape was found to be an impurfactor a ecting
the structural response. For driving tire the signal amdié was much higher. It
was the result of the higher maximum value of the contact strén comparison
to the not driving tire. Therefore, in order to neglect thislape e ect”, instead
identi cation of the peaks values of the signals, the arealenthe detected axle
signals was taken into consideration (see results presemerFig. [2.12). The
calculations were performed by means of Eql 2.1, since tha dare available in
digitalized form;
tivr G

X
SA = S(tiva) + S(t) ——— (2.1)

where:
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n number of the samples,
S value of the sample,
SA area under the curve,
t time.

The analysis proved that the shape of the contact stressrithistion has no
crucial in uence on the obtained results since the area urtte curve of the axle
load is considered instead of signal amplitude.

It might be concluded that the peak value of the signal can betan accurate
representation of the weight of the vehicle, since its tio®tprint is considerably
larger than the width of the WIM detector. In the analysed eashe structure
width is 80 mm, while the footprint is usually more than 100 nfif@]. Conse-
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Figure 2.12: Area under the axle signal as a function of the extation position
in case of two shapes of the contact load

guently, the peak of the signal does not represent the whdieaekload but rather
a portion of the total load[[97]. Moreover, it should be natit that the weight
estimation method based on the computation of the area urttieraxle load sig-
nal was originally recommended by Kistler company and han hesed in their
commercial products [98] i.e., striped shape quartz WIMsses.

Tire width e ect

An analysis presented in this section was performed in dalést the tire width
e ect on considered structure response. The WIM devicesewdsveloped for
axle load identi cation especially in case of trucks. Thelths of tires vary a
lot especially, in case of a heavy vehicle where single doleldires can used.
Moreover, the imprint of tire-pavement area is a functiontioé in ation pressure
and the load on the tire.

Four variants of tire-pavement interaction width (150, 3050 and 600 mm)
were considered in FE simulations. The total load valuegitde of modelled
imprint and the vertical load velocity were assumed to bestamt in all analysis
presented in this section. The contact stress distributivas assumed to be the
one of the not driving wheel (see FIg. 2110 b). The obtainesuits are presented
in Fig.[2.13.

The signi cant e ect of the load width was noticed. In genérahe more
narrow load distribution, the higher the signal value. Tioad of the width of
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Figure 2.13: Area under the axle signal as a function of the eitation position
in case of few widths of contact load distribution

15 cm caused 20% to 30% higher signal value then the load ofviltth of
60 cm. Therefore, in order to the load estimation be posséagurate, the width
e ect must be considered in the identi cation algorithm. Thcould be obtained
by means of adding compensation factors. The main probleto @etect "which
tire is single or double”. The development and implemetatof the vehicle class
identi cation algorithm might be helpful. The assumptiohat vehicles belonging
to the same class have rather constant tire width distribatican be applied.

Load velocity e ect

The analysis presented in this section were used to foretessensitivity of the
beam-shape WIM device on the travelling load velocity. Thedad analysis of
the structures has been presented in appendix E. It shovasively low value of
resonance frequency of the beam-shape device. Thus, thistste is claimed to
be sensitive to velocity e ect of vehicle travelling oveettietector.

The research considered ve di erent load velocities (10, 2 :, 50 m/s) trav-
eling over the modelled structure. The load distributiomay total load value and
location were constant. The examples of the sensor sigmaldiferent velocities
are shown in Fig._2.14.

The increase of the signal response amplitude due to theease of the load
travelling velocity was observed. For the velocities highan 30 m/s, the peak
values of the axle load were rather constant. Thus, if the hiuge of the signal
would be used as the load equivalent, the velocity identi@a is not crucial. On
the contrary, to the case when the area under the signal issiciemed as a load
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Figure 2.14: Responses from sensor 3 for di erent load velties

equivalent. It should be noticed that the area under the aigmal is approximately
inversely proportional to the speed [98]. This is the resfillli erent tire-structure
time contacts. Hence, in order to obtain proper load estimaton the basis of
the area under the axle signal the velocity must be cons@l@realgorithm. As
the consequence the velocity must be accurately detected.

The results of the velocity e ects on the area under the axignals as a
function of the load position are illustrated in Fig._2115n this case, the area
under the axle signal was consequently multiplied by theesponding velocities
in each of the modelled cases.

2.3.4 Modied load identi cation algorithm

The research conducted in laboratory using the full-sizanbashape see (Ap-
pendix[D) and the FE simulation enable to develop the axlel lmkenti cation
algorithm which simpli ed form was presented in Appendix The methodology
was modi ed in order to be applicable in case of higher numiifensed sensors
and for taking into account the investigated factors in ugng the measurements.
The velocity of the travelling vehicle was found to be an imaat factor in-
uencingthe beam-shape device response. The most comvemiay for velocity
identi cation is to use two parallel WIM sensors with knowpasing. The time de-
lay between the peak signals generated by means of the sanideraxle detected
by di erent WIM detectors can be used for velocity estimati{®7] and Eq[ 22
can be applied. Assumption about the constant vehicle spelite passing the
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Figure 2.15: Area under the axle signal as a function of the exitation position
for di erent traveling velocities of the excitation

sensors is applied.
v=Ds (Sr p) & (2.2)

where:
v velocity m/s,
Ds the distance between upstream and downstream WIM detextiar,
Sk sampling rate,

p the number of the samples between the matching upstream do@nstream
peaks.

The proposed device is assumed to be used for statisticplqaaers. Therefore,
the algorithm must be able to determine the vehicle classcah be performed
on the basis of the factors like: number of axles, wheelbagk iadividual axle
weight.

The axle distance may be computed using the calculated lekielocity and
the travel time between the consecutive axles [97]. Theo¥alhg formula might
be applied,

Daxe =V ( axle axe SR) l; (2.3)

where:
Daxe axle-to-axle spacing m,
axle-axle the number of samples.
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Taking into account the limited number of vehicle classd® tlassi cation
guantities like axle loads do not need to be determined veoueately. Thus, the
preliminary axle weighAWp can estimated by means of following formula,

X
AWp = SA;; (2.4)
i=1
where:

sensor sensitivity ,

SA; area under the axle signal produced by th¢h sensor (see Eq.2.1).

Determination of the parameters presented above enablesstionate the ve-
hicle class, which is important, rst of all, for statistit@urposes. Moreover, the
information about the vehicle class will be used in the fartsteps of the algo-
rithm for the tire width estimation. The assumption aboutdlconstant tire width
distribution for one vehicle class will be used.

Taking into consideration the beam-shape device respoassitivity to exci-
tation position, the excitation position has to be determéprecisely. It can be
achieved on the basis of prepared "solution maps" i.e.,exi@ensors responses for
di erent excitation scenarios. Since a larger number ofzpiglectric sensors are in
use in comparison to the beam used in experiment (see AppBidiEq.[C.1(see
Appendix[C) takes the form of Eq._2.5. The results preparednigans of the
mentioned formula are shown in Fig._2116 as a function of tk&eity and the
position (Fig[2.16 a) and moreover as a function of the tireltlv and the position
(Fig. [2.16 b). The excitation position is related with regpeo the very center
of the structure. The analysis considered the signals predurespectively by the
sensors 1, 6 and 2, 5.

F(xv;w) = X (Li R) (Li+Ri) % (2.5)
i=1
where:
L; area under the axle signal produced by the sensor locatedhenleft-hand
side andi cm from the middle of the beam,
Ri area under the axle signal produced by the sensor locatetherright-hand
side andi cm from the middle of the beam,
w tire width,
X load positon.
Eq.[Z5 can be rewritten in the form of EQ.2.6, if the variaMeand w are
assumed to be known,
Fvw(X) = F(X;v;w): (2.6)

On the basis of numerical experiments, a single-valuedtiomd-, ., (X), was
observed fok 2 ( 70::+70) cmi.e., load positions with respect to the very center
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Figure 2.16: Proportion of the axle load signals between symetrically located
sensors: a. as a function of the excitation position and theite width (velocity
10 m/s), b. as a function of the excitation position and the vdocity (tire width

30 cm)

of the beam. Hence, the load position determination is felasby interpolating
the values of the signals produced by the sensor pairs usiegurves presented
in Fig.[2.16 a, b. Finally, the excitation position is detened by Eq[ 27,
X
X = I:v;v% (Li Ri) (Li + Ri) 1: (2.7)
i=1
In order to perform axle load identi cation, the empiricahqameterK ("cal-
ibration factor of the beam-shape device") must be deteredin This parameter
generally depends on the electromechanical propertiehaflevice and describes
the relationship between the load value and area under tHe signal produced
by the piezoelectric sensors located in the middle of thaodeas a function of
velocity, tire width and excitation position. It might be sleribed by means of the
following formula;
K(v;w;x; )= X AL M, % (2.8)
i=1
where:
AL axle load value,
M; area under the signal produced by the centrally locatetth sensor,
sensor constant.
The calibration factorK obtained by means of the numerical analysis as a
function of the excitation position, velocity and tire wihdts illustrated in Figl_Z.17.
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Figure 2.17: Calibration factor K as a function of: a. excitation position and
the velocity (tire width constant 30 cm), b. excitation position and the tire
width (velocity constant 10 m/s)

The results were obtained by means of two modelled sensmratdd in the very
center of the tested structure.

Finally, when the load position, car velocity and tire widtre all known (ob-
tained in the previous steps of the algorithm), it is possilbb obtain the value
of the parameterK using the interpolation. Finally, the value of the axle load
a ecting the device can be determined using the followingrfola;

AL = Mi K(v;w;x; ): (2.9)
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a. b.

Figure 2.18: Installation of the beam-shape WIM device: a. pepared support,
b. structure located in the road

2.3.5 Road installation of the beam-shape device

In order to perform a practical veri cation of the propose@wvice concept and
the load identi cation algorithm, eld test were carried ¢u The beam used in
the laboratory test (see appendix D) was applied in the expent as a detecting
element. The beam was located in the prepared support (sgelEL8 a). The
structure was laid in the road and xed to the concrete. Thepteurface of the
beam was on the level of the road pavement (see[Figl]2.18 b).

Field tests

The eld tests were performed. During the research severaksings over the
installed beam were conducted. A bicycle, motorbike and alspassenger car
were used As a testing vehicles.

The most of the trials were performed by means of the motdeytonda CM
125. It is characterized by the static mass distributiontfwthe driver): front axle
82 kg, rear axle 125 kg and the wheelbase 1350 mm. An exampieeoéxles
load signals are presented in Fig.2.19. The results cooms$o the motorbike
crossing over the tested structure with the velocity of 20/knand 20 cm from
the center of the structure. The front wheel and the back whgeak signals are
visible.
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Figure 2.19: Examples of signals produced by the sensors dug the eld tests

The main part of the research considered the analysis of thence of the
excitation position on the value of the signal produced byangeof the six piezo-
electric sensors. Each test was made with the same load yva&ineilarly, the
velocity was also relatively the same (approximately 15 im/ The signal in-
tensity distributions in case of di erent load location apeesented in Figl_2.20.
The value presented on the ordinate axis represent the nlizeth response de-
scribed by means of the ratio between the static axle load N toe area under
the curve mVs. Results for both axles are presented. Theyaisaknables to
determine the calibration coe cient.

The obtained results are not fully symmetric. This could la&ged by the fact
that the position of the excitation was not measured so thials were not fully
repeatable. The position was set manually (limited precisibased on the lines
painted on the top surface of the beam. In further steps oktegsh it is planned
to apply a fast camera in order to improve the accuracy of idestion of load
location. The rst trials were already made, see Hig. 2.21.

The algorithm of the load identi cation presented in Secii@.3.4 was used.
The procedure was performed on the basis of the numericéitgimed response
maps . Moreover, the calibration coe cients were appliedhe obtained results
are shown in Fig_2.22. The graph presents the percentagaracyg of the iden-
tied dynamic axle loads for several trials with respect teetaccurate (statically
measured) axle load as the function of the position of theitaxion.
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Figure 2.20: Axle signals values with respect to the excitabn position

a.

Figure

b. C. d.

2.21: High-speed snapshots of the motorbike crossar the beam:

a. 0ms, b. 20 ms, c. 40 ms, d. 60 ms
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Figure 2.22: Accuracy of the axle load identi cation

The location of the beam (small and closed area) made it insgae for test
involving higher velocities. Moreover, the number of viehigpes was limited. As
a consequence more experimental work was needed.

Comparison of used sensors

In order to perform the research of comparison of measurésnbyp means of
di erent electronics, the new beam-shape device presenethe Fig.[2.28 a,b
was installed. The strain gauges sensors in the half-brageguration as well as
the piezoelectric sensors were installed in the beam sewrféwo kind of ampli ers
(voltage and charge) were used in the piezoelectric measemeé The mentioned
sensors were placed very close to each other. Thus, the sgEamthat the sensors
were measured very similar physical quantity can be applied

The comparison of the detected signals by means of di erdatteonic set-ups
is shown in Figi_Z.24. The presented results correspond tp slew (quasi-static)
traveling of the wheel of the truck over the beam. The sigradsected by use of
the strain gauges and the piezoelectric sensors and thegehampli er are very
similar from the guantitative point of view. Very di erensithe signal obtained
with the use of the voltage amplier. The last example doeg norrespond to
the real deformation of the beam. The general conclusionhinige drawn, that
it is much more suitable to apply the charge ampli ers in ca$ehe piezoelectric
measurements by the WIM devices. This is especially obslerimthe quasi-static
measurements, where the voltage ampli er results in sigfistiortion.

The similar results to presented in FIg. 2,24 can be founchim [f72] where the
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Figure 2.23: Second version of the beam-shape WIM device mated on public
road
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Figure 2.24: Comparison of results obtained with di erent measuring electron-
ics

researches compared the signals generated by the piemieland quartz WIM
sensors. The di erences were not commented in this papethénopinion of the
author of this thesis this could be the result not only of usitectors kind but
moreover of applied electronics i.e., voltage/charge arerd.

Velocity e ect

The research presented in this section was focused on thetsbape device veloc-
ity tests. The same vehicle was passing over the structutie iierent velocities
while the tire position was similar for all of this trials. gFiZ.Z% presents the
obtained voltage signals generated by sensor number foderudi erent speeds.
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Figure 2.25: Velocity e ect

The velocity e ect was found to be signi cant for the measuments. The velocity
increase results in increase of the unpro table vibratidrtte beam-shape device.
Generally, velocity increase leads to the poorer accurfityeadevice and di culty
in axle load identi cation caused by unpro table vibratisre ects. It might be
summarize that the proposed beam-shape device can be usen thi velocity of
the vehicles to be identi ed is lower than 50 km/h.

2.4 Development of the new plate-shape device

The beam-shape WIM device was found to have serious drawlazk relatively
poor identi cation precision and available estimation imited velocity range. As
a consequence another concept of the WIM device was proposed

2.4.1 General idea of the plate-shape device

The new devices utilize stell plate with detectors bondethmunderside. Contrary
to the "classical" bending plate devices, instead of, strgiauges, piezoelectric
strain sensors are in use as it is shown in the scheme seE.B&yj. Zhe sensors
distribution is assumed to be regular. The plate is suppbea®ng its longer edges
and it is xed by use of bolts into a steel frame placed in the/@aent.
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Figure 2.26: General concept of the proposed plate-shape \dee

As axles pass over the bending plate, the piezoelectrisessrgenerate signal
proportional to the de ection of the plate under a vehiclel@exThe measurement
system, then, records the voltage and calculates the dyndoaid. The static load
is estimated using dynamic load and calibration parameters

2.4.2 Numerical analysis of the plate-shape device

The numerical analysis of the plate-shape device has bedorped. This research
was focused on two main factors to be analyzed. First one veasteéd to density
distribution of the sensors while the second one was focosdthe analysis of the
width-e ect of the plate device.

Sensors density distribution e ect

The FE model of the device was prepared (see Eig.]2.27). Theaited plate
was 2000 mm long, 280 mm wide while its thickness was 8 mm. Timemsions
as well as the boundary conditions i.e., support conditiomse analogical like in
"real" device. The modelled sensors were placed in the raiddiithe plate with
regards to its shorter edge, because the biggest strain eflate was expected to
be there. The localization of the modelled sensors was aegllhe sensors were
modelled on the basis of the methodology considered in theeagix[A. Tire-
bending plate interaction, was modelled similar to the casehe beam-shape
device (see sectidn 2.3.3). The contact stress distributi@., tire-bending plate
interaction was corresponding to the not-driving wheele(d¢6g.[2.10 b). The
constant and the same, in all of the modelled cases, hora&otite interaction
velocity as well as the constant summarize load value wepsieah

The research were perform for sensitivity analysis of thesees density distri-
bution on its summarize response. The three parameters wegeeas a variable for
analysis:

load positions were modelled in fty locations where thedudie of the con-
tact stress distributions area was in the range (50 cm, 51 cm, 100 cm)
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Figure 2.27: FE model of the proposed plate-shape device
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Figure 2.28: Example of numerical results: a. sensor sigrsin time domain,
b. sensor signals pick values

from the plate edge,

stress distributions width was modelled in six variant(8,15 cm,22 cm,30 cm,
45 cm,60 cm) as a consequence of di erent width of car tires,

sensors distributions density was modelled in six vaggbtcm,10 cm,15 cm,20 cm,
25 cm,30 cm).

The examples of the sensors responses are shown if_Fig. A2®@esented
results correspond to sensors distribution with 10 cm dgnshile width of the
stress distribution area was 30 cm, located in the very aeatenodelled plate.

The load identi cation algorithm was assumed to be based o $ensor signals
peak values. The sum of the signal responses should be cwnstg insensitive
to load location since the in nite number of the sensor wi# bonsidered, which
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Figure 2.29: Sum of the sensors responses: a. percentageetdéence as a func-
tion of sensor signal distribution density and the width of load area, b. average
percentage di erence as a function of sensor signal distriiion density

is unobtainable in practice. Hence, the analysis has beefonpeed. General
objective was to determine, the minimum number of the semseqguired to make
the sum of its responses insensitive to load location in tbeepted range i.e.,
average change below 1 %.

The results of the sensitivity analysis are shown in Fig92ad. Fig. 2.29 a
represents the percentage change of sum of the sensor sigiek values for
the di erent sensor distribution density and the width of aontact area, while
Fig. 2.29 b shows the average percentage change of the sulreafdnsors signals
obtained for di erent variants of the load width.

Analysis enable to draw the conclusion. It was found that ghen of the
sensor signals peak values were not constant with regaridddad position. The
strong in uence on this parameter change have the sensansitjedistribution as
well as it depends on width of the applied load area. Its snallctuations were
observed in case of the higher sensors density distribwg®onvell as wider load
area. It can be summarized that the accepted results weraiobd for sensors
distribution density of 10 cm. Hence this distribution daypswill be used in the
constructed device.

Plate width e ect

It is known that the larger width of the WIM detector results the longer pe-
riod during which the force is measured i.e, longer tireeds&ir contact. This
generally provides the accuracy advantage for wider deténtcomparison to the
narrow sensor. Nevertheless, a signi cant advantage ofawarstrip detectors is
that installation is much easier and it takes considerablys|time than for wider
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sensors [76] which lead to lower price for such systems.

The numerical tests presented in this section were devotethe sensitivity
analysis of the plate width. The load identi cation algdrin was assumed to be
based on the axle signal peak values. Hence, the test weferpexd for analysis
of plate width e ect on the observed sensor signals.

In order to decrease the numerical costs for analysis, thebE&Em models
were used. Their length simulated the width of the platesdaevice. The sixteen
models characterized by the di erent length (i.e., in rarg &5 cm) were prepared.
Each of them was loaded by two variants of axle load contasst distributions
which were consequently corresponding to the not-drivifgeVy and driving wheel
(see Fig. 2.10 a,b). These variants were characterized leyahalogical contact
stress length i.e., 20 cm and the same total loads values.eNkesless, di erent
amplitude i.e., maximal value of load in these two variane&sewused. Namely, the
proportion between the amplitudes was equal 1.4.

The obtained simulation results are shown in the Fig. 2.3GeTesults corre-
spond to the signals peak values proportion i.e., the signgblitude for the driving
wheel to the signal amplitude for the not-driving wheel witgard to the detec-
tor dimensions i.e., representing the bending plate widifhe analysis enables
to conclude that the wider detector i.e., bending plate, thmaller e ect of the
shape contact stress distribution on the sensor responsbssrved. The general
conclusion can be drawn that the peak value of the signal camugeful for axle
load estimation only when the detector is wide i.e., consitlly wider than the
tire pavement contact area i.e., latch footprint length. &hauthor of this thesis
believes that since the detector is wider than the 40 cm, thedlestimation might
be performed on the basis of signal peaks values, while the mayrow detectors
require estimation on the basis of signal area integration.

2.4.3 Road installation of the plate-shape device

The concept of the plate-shape WIM device was tested in pradn the road test
research.

Rectangular shape plate, with 8 mm thickness, was equippid the set
of piezoelectric sensors i.e., fteen, see Fig. 2.31 a. Thmse type like in the
beam-shape WIM device sensors one was used. Its distribwuiis regular with
100 mm spacing. Additionally two strain gauges were usedce plate dimensions
i.e., 2000x280 mm were limited by the dimensions of comrallycavailable steel-
concrete ume drainage which was used as the plate's suppdtie plate was
xed by means of bolts to stale frame and supported alongdtsgler edges. The
top surface of the plate was equal to the pavement level, sgeZ31 b.
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Figure 2.30: Contact stress distribution e ect with regards to the detector
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Figure 2.31: View of the plate-shape device: a. before assbly) b. after as-
sembly in the road
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Figure 2.32: An example of the axle signals measurements @ibhed while
calibrations of the device: vehicle velocity 3.5 km/h, wheklater position 68 cm

Calibration process

The rst step of the road experiment was done for the calilivat of the device.
All of the piezoelectric sensors xed to the bottom side oétplate were the same
type. Nevertheless, they might have characterized shgtitlerent sensitivities as
well as the amplifying factor in the used charge ampli er hiigiot have been
the same in all of the channels. Hence, this research weretel@\o obtain the
proportional calibration factors for all of the piezoelgctsensors. The other aspect
was to nd the mass-voltage calibration relation for the d=

The numerical test enables to conclude that, if the same&lehie., same axle
load passes few times over the plate-shape device with elielateral position,
the sum of the signals generated by the sensors should be wasonstant (>1%
di erences) i.e., sensors global response is almost inibemdo position since all
of the used sensors will characterized by the same sengsitiMius, the objective
was to nd the multiplying factor for each of the sensor whiglould enable to
unify the sensors sensitivity.

The calibration procedures consisted of repeatedly pgss&st of pre-weighed
vehicle over the bending plate. One vehicle passed sevarest The constant
velocity and the same weight were used. All of the passes pemgendicular and
completed with minimal speed in order to obtain maximal rpbility of passes
and to minimize the dynamical e ects. The lateral positiofi the vehicle was
changed with 10 cm spacing. The example of the axles-signakssured by the
set of the sensors is shown in Fig 2.32.

In order to calibrate the device two-axle vehicles were usEde axle loads
front ALgy and rearAL gy were statically measured. The testing vehicle was
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motorcycle with relatively small foot print. Therefore,ghdenti cation procedure
might be based on the signals peak values. The following d@swere used:

X
ALF = iaj ; (2.10)

ALRi = ibj (2.11)

where:
a; amplitude of front axle load signal produced by theth sensor during thg-th
pass,
bj amplitude of rear axle load signal produced by théh sensor during the-th
pass,
i calibration factor for i-th sensor,
ALE; andAL g identi ed front and rear axle loads.
The objective of the calibration process is to determine tladibration factors
for all of the sensors making them identically sensitive.e Honsidered system
of equations is overdetermined i.e, the sensor number igrithan the number of
passes. The calibration procedure utilizes the method a$tlesquares. There is
searching vector which minimizes the di erence between the observed valges i
determined by Eq. 2.10, Eqg. 2.11 and the expected valuesilery andAL ry .
The procedure can be presented by following formula;
X 2 X 2
AL gm i jj + ALRwMm ihj I min: (212)
i=1 i=1
The calibration results are shown in Fig. 2.33 a,b. Fig. 2a8Blustrates the
primary percentage change for each of the passes in regdigetmean value for all
of the passes before sensor calibration, while Fig. 2.33%bgnts the results after
applying obtained calibration factors. The signi cant dease of the discrepancy
was obtained after sensors calibration (notice di erenlss in Fig. 2.33 a and
Fig. 2.33 b).

Tests of the plate-shape device precision

The precision of the plate-shape device was tested. The oddlogy based on
the axle signal peak values tuned by the sensors calibrétictors (see Eq. 2.10)
was used. The preweighed vehicle was used for test. It passedthe device
several times with the dierent lateral positions. The exples of the sensor
signal time and amplitude responses are shown in Fig. 2134lacorresponds to
the motorcycle wheels passing over the device with apprberd0 km/h. The
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Figure 2.33: Average percentage precision a. without caltation, b. after ap-
plying the obtained calibration factors

bigger signal amplitudes corresponding to the back wheeleiarly observed (see
Fig. 2.34 b).

The preformed trials enable to check the device precisioig. E35 presents
the percentage accuracy of identi ed values by the devicth wespect to the
accurate (statically measured) axle loads for many tri#dtained results enable
to conclude that the precision of the plate-shape device Wwatier than 10%.
Therefore, it was approximate two time higher than in casetld beam-shape
device.
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Figure 2.35: Precision of axle loads identi cation

Velocity tests

As the nal step of the research, the velocity e ect was tedte The vehicle
was passed over the device with dierent speeds in the rarfig20e80 km/h.
The maximal one was limited by the safety reason i.e., l@catf the device in
urban areas. The results examples are shown in Fig. 2.36der @o quantitively
present the velocity e ect. The graph presents the voltaggnal obtained from
the strongest responding sensor i.e., the closest one toektation (passing
wheel of vehicle). The four velocity variants are shown. t€uog to the beam-
shape, unpro table vibration of the plate-shape device wasobserved. Compare
Fig 2.25 to Fig 2.36 where the signal shape was similar fars@t velocities. The
author of this thesis believes that even for higher velesi((™>100 km/h) the axle
load identi cation of vehicle passing over plate-shapeiceewould be feasible, this
was proved by modal analysis of the plate (see. appendix Bg Measurements
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Figure 2.36: Velocity e ect

performed by the plate-shape device shows that the incredselocity leads to
change of the front and back wheel signals proportions (sge2R36). This could
be caused by an air resistance e ect acting on motorbike oreatt of applied
acceleration. To nd it out, more thorough research is negde

2.5 Summary of the chapter

The analysis presented in this chapter proved the feasilufi application of the
proposed Weigh-in-Motion devices. The methodology utitiZzoeam-shape device
enables to identi ed the axle load with 20% accuracy while the plate-shape one
show the precision in range of10%. The precision can be increased using more
devices located parallelly in order to detect the axle laad fimes. The accuracy of
the presented methodologies strongly depends on the guaflithe measurements
and calibration process precision.

The beam-shape device show its high sensitivity to the vgloEor the higher
velocities strong beam vibrations were observed. As a comesee, the velocity
operation limitation is important disadvantage of this @leContrary to the plate-
shape device, no velocity limitation in the measured rangeswoticed.

Crucial for the proposed inverse problem algorithm dedidaio beam-shape
device is the scrupulous preparation of the map of the cafibn factors of the
sensors signals in terms of various excitation conditiombis map can be also
obtained numerically. It was check that the beam-shape aewalgorithm should
consider few parameters: the load position in terms of thegle of the beam,
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velocity of the vehicle and width of its tire a ecting on theedice.

The piezoelectric sensor distribution density and platdtiviwere found to be
important factors for load identi cation precision. Thedrease of sensors number
results in smaller uctuation of the summarized sensorqaign terms of load
position. The plate width increases results in smaller gigitg of the structure
to load distribution shape.

It was proved that the peak values of the signal cannot be tteueate repre-
sentation of the vehicle weight, since the tire footprintcgnsiderably larger than
the width of the WIM detector. In this case the axle signaleigtation procedure
is needed. As a consequence, the precise vehicle veloeityi gdtion is required
since the axle signal is approximately inversely propoatido the speed.

It was found out that in case of using the piezoelectric semgor measure-
ments, it is very important to use proper ampli ers in the nseaements set-up.
It was proved that the considerably better results can beaot#d by application
of charge ampli ers instead of the voltage ones.






Chapter 3

Weigh-in-Motion System for
the Railway Transport

3.1 Introduction

The previous chapter considered the dynamic load identiamausing the Weigh-
in-Motion technology for the road transport. The current®is strongly related to
this subject. The WIM technology for the railway transpasttaken into account.
The state of the art of the dynamic weighing systems for rajla/ is presented
at the beginning of the chapter. The main considerations fveused on the
development and practical implementation of a new WIM systr railways,
which constitutes a part of a larger Structural Health Mamring (SHM) system
dedicated to railway truss bridges. The chapter presentulte of measuring
sessions carried otin situ by means of a few kinds of sensors. A velocity and train
load e ects were considered while the realization of an expental tests. An
algorithm of indirect identi cation of load based on the dpsis of strain histories
in the rail has been proposed. A numerical model of whekbugiport has been
calibrated to experimental data. Numerical simulation Ipesnted out important
factors, that need to be considered in order to obtain progaues of the identi ed
dynamic forces exerted by a running train on the rail.

3.2 A review of the existing railways WIM systems

The need to monitor and control the dynamic in uence of traion railway track
has emerged from the infrastructure administrators as asegjuence of separa-
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tion from the train operators (carriers) and establishmeftfree-market relations
between them. Since then, the administrators have startedharge the carriers
for using the railway track.

In general two approaches to determination of dynamic trdaad are possible:
either use a railway car equipped with sensors [6, 99, 100édorm measurements
by means of external sensors xed to the infrastructure aigghe train. The rst
method is not frequently applied and it seems to be less évectrom the practical
point of view. Hence, the second approach has been more ydeegkewed here.

In the past one of the rst techniques of identi cation of tiaload was success-
fully applied using an instrumented bridge [101, 102]. Tdp@roach mentioned in
the previous chapter is also applicable in road transpod eonsequently named
Bridge Weigh-In-Motion (B-WIM). Most frequently, standarstrain gauges [103]
are used as sensors in such WIM applications. Recently leowtiae bre optic sen-
sors have been gaining more and more attention, especiallgdwly constructed
huge bridges. In existing structures, the bre optic selssoan be mounted on
the surface of the bridge deck [81]. For newly designed bedghe bres are
usually embedded inside the structure [104, 105] at the stafjits construction.
It allows for permanent monitoring of such bridges from tieewbeginning of their
exploitation.

At the time, there are a few types of commercially availabléWwgystems for
railways. One of the method is the indirect measurement &f ¥rtical force ex-
erted on the rail and further transmitted to the track suppoil his methodology
requires a special preparation of the track by equippingiihwa solid foundation.
The foundation has to be well integrated with the railwaydka therefore installa-
tion of such systems is both time- and cost-consuming. I8 #pplication, strain
gauges are mounted on the foundation not on the rails thewesel The main
advantage of the mentioned methodology is a high precisfaheidenti ed load
values. The price to pay for the precision is however a strétbcity limitation for
trains during measurements [106, 107], which should be @rtharrow range 3-8
km/h [108]. This is due to the fact that the foundation shouhibt be subjected
to excessive vibrations in order to collect high-qualityasierements. This can be
regarded as a disadvantage of the system.

In order to overcome the velocity limitations, the accuramfyresults must be
sacri ced. One can propose load identi cation methodsiatilg the measurements
of rail strains using various sensors. As the rail is in ticeatact with the train
wheels, the methods are able to provide estimations of irelt many parameters
like: individual wheel and axle loads, gross weight of eadtvay car, the number
of railway cars, total train weight, velocity, direction afovement, even the state
of the wheel e.g., possible polygonization.

The variety of the identi ed parameters and the lack of veatgdimitations
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a. b.

Figure 3.1: Example of WIM application railways: a. optic b ers sensors
Gotcha [112], b. intrusive quartz sensor Kistler [113]

during measurements are the main advantages of the merdionethods. Nev-
ertheless they are characterized by poorer precision ofprameter estimation
(practically 5 %), which can be considered as a drawback.

The classi cation of the mentioned WIM systems for railwags be performed
on the basis of the type of used sensors and also on the lacafitheir mounting.
One of the rst systems was utilizing strain gauges [109]deel to the neutral
axis or mounted on rail foot [110]. Recently, the growing qaatition for the
strain gauges are optical bers. They can be mounted eithetie side of the
rail [111], or to the foot of the rail with the help of specidamps [112] as shown
in Fig. 3.1 a. A great advantage of the optical bres over strgauges is their
insensitivity to electromagnetic disturbances.

There are also intrusive solutions of WIM applications faitways. The idea
is to bore a small hole in the rail web and insert a sensor int®ne option is a
quartz force sensor of cylindrical shape [113] as showngn 3L b, another one
is a sleeve equipped with strain gauges from inside [114¢ difect measurement
of force in the case of railway transport is practically dutt to perform because
of high magnitudes of train loads, which would mean the uséoafe sensors of
considerable dimensions. Hence the indirect methodsstein measurements are
more often applied.

3.3 The proposed WIM system

It should be emphasized that all of the described solutiarthé existing rail-WIM
applications involve a considerable cost. One of the mtitima of the author is to
propose an alternative to the existing solutions, chareegtsl by similar reliability
and accuracy at an a ordable cost. Another motivation is tddgrate the proposed
WIM solution with the damage monitoring block of the mentexh SHM system
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Figure 3.2: General scheme of the system for SHM of truss buggs integrated
with the rail-WIM system

which is schematically presented in Fig. 3.2.

3.3.1 General idea of the WIM system for railways

The proposed solution relies on a nondestructive way of rddg histories of
strains evolving in the rail due to train motion. The straiase collected by
piezoelectric sensors mounted on the bottom part of the faibt in between
the sleepers as schematically shown in Fig. 3.3, depictiagpmrelements of the
proposed system.

In the majority of applications, piezoelectric sensorsused as accelerometers.
In this work however, they measure strains similarly to istigauges and optical
bres. Two kinds of piezoelectric sensors are considerethe popular ceramic
ones and the more sophisticated bre-based ones. The pmdoce of both types
of sensors is similar. They are able to cover an extremelg vadge of frequencies
(0.1 Hz - 100 MH2z) due to high sti ness of piezoelectric magds. Similarly, the
measurement range in terms of voltage magnitude (signangfth) reaches up
to 100 million for piezoelectric sensors, which is absdjutistinctive compared
to other sensors. Other advantages include e.g. less lat®rsurface polishing
compared to strain gauges or lower cost of driving elect®miompared to optical
bres. The piezo- bre-composite (PFC) sensors are moreatle as they consist
of piezo bres embedded in polymer which makes them waterfpamd insensitive
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Figure 3.3: Scheme of data acquisition and processing for ¢hproposed
WIM system

to electromagnetic noise. However the PFCs are much legadive than the
ceramic piezo-sensors as far as price is concerned. Therdfe author believe
that the ceramic piezo-sensors, well-protected againstirenmental factors on
site, are a cost-e ective alternative for the other straiarsors.

The electric signal (proportional to strain) from the piegensor is rst precon-
ditioned by amplifying, ltering and digital sampling opions. The objective of
this signal processing is to have the signal in its optimaihf@efore sending it to
a remote centre using wireless transmission. For secwgdgaons, it is planned to
use an encrypted transmission using available interngitogyraphic protocols e.g.,
Transport Layer Security (TLS). When the data is captureddyemote server, it
is rst archived and then analyzed. It is planned to make tksuits of the analysis
available to the user via an internet browser with passwaoatgztion.

In order to improve the reliability and accuracy of the prepd WIM system,
some extra sensors should be applied. It is planned to moemtass in pairs on
both rails. It is also important to design such a way of sensounting, which
makes the devices well hidden in the railway track in ordeavoid devastation.
An important issue is to mount the sensors in reasonable timithout much
interference with the existing infrastructure, not to exgmothe rail tra c to serious
disturbances.

An important aspect of hardware is to supply power for thetaysin a reliable
manner. In order to make the system independent, the powdrhbei supplied
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by accumulators permanently charged by photovoltaic meslulFor the sake of
energy saving, the system will be active only during the afithe train over the
WIM measuring point. When the train is gone, it will switch &gopassive mode.
Additional sensors, operating in a standby mode to dete@ tdoming train, are
needed to realize this energy saving idea.

3.3.2 Proposed methods of dynamic load identi cation

The load identi cation problem belongs in general to thesdaf inverse problems
presented in [6, 12, 115]. One way to solve such a problem &tanm recognition
approach. Roughly speaking, it consists in comparing aryaed pattern with a
set of already existing patterns and specifying the mostlamone from the set.

In the proposed system, the pattern recognition scheme haentadopted as
the rst option of the methodology employed to solve the ims® problem. In the
mentioned method the crucial task is to prepare a data baseaining a collection
of strain histories for diversely loaded railway cars waigim various operational
conditions. A component of the data base may be a strain histdhy which is a
function of essential factors e.g., magnitude of lc@dnumber of axles, in a car
bogie, train velocityv, outside temperaturel’, etc., in uencing the signal shape
in time t.

"= T(QIT v, ng; ) 3.1

The biggest problem is where to take the data from to Il in tlata base.
The data can be obtained from experiments using many raileag of known
load distribution but this way is ine cient due to the time ahcost involved. An
alternative is to build a numerical model. This is a much miviendly approach,
provided however that the model is conformable with measers, which again
implies some experimental work in a limited range to tune thedel to experi-
ments.

The pattern recognition method consists in comparing théuat single mea-
surement” ;cruar With the i ones previously stored in the data base. The point is
to retrieve the most similar (in a de ned norm) case [26] witie assigned char-
acteristic parameters@; T;t;v; ng; etc.) from the data base. Thus the procedure
identi es such a value of loa@;y which is a result of the following problem of
optimal case search:

h i5
Qig = argmin; "acwal (Q; Titving)  "i(Q;T;t;ving) (3.2)
In order to facilitate the process of data retrieval, one aase sets of in-

advance prepared amplitude variations of the measuredakigepending on just
one driving parameter and keeping the other ones constamwaver this is also
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quite laborious because numerous cross-relations neeé stablished and some
parameters should be known beforehand.

Due to the problems with building a reliable data base, amotbption of
load identi cation considered by the author is a calibratiof the measured signal
in the on-line mode. The idea is to scale the measured sigmaé¥ery passing
train individually, knowing the mass of the locomotive esponding to a reference
load levelQrer . Good news is that freight trains are usually towed by stadda
locomotives of electrical drive, whose mass is quite statd¢ in uenced by the
amount of fuel. For instance Polish Railways usually useBfe22 locomotives
of 120 tons with possible mass deviation of 1.5 tons, which opens up the
potential for auto-calibration. For all freight trains isifeasible to nd a scaling
coe cient R between the reference signaks measured for the locomotive and
the corresponding value of a priori known 10&¢k :

R = Qref "rei‘l- (33)

When the relation for the locomotive is established, it isgible to determine
the load of other railway carQiqy by means of the following equation:

Qid = R "actuar Ad(na): (3.4)

The proposed on-line calibration seems to be indi erent ttvieonmental in-
uences such as temperature or condition of the railway katt is caused by the
fact that the parameterR includes these in uences. It may reach di erent values
for the same train in di erent seasons of year, for instanioat we do not look for
a constant coe cient. The role ofR is to provide a reference point for rescaling
the signal regardless of environmental conditions. Oneomamt factor however
should be taken into account - the locomotive bogie and tteggit car bogie usu-
ally do not have the same number of axles. This implies thatlgad distribution
exerted by the bogies on the track will be di erent. Hence thaience of the axle
distribution coe cient Ag4(na) on the identi ed train load must not be neglected,
as can be noticed in Eq. 3.4. Results of numerical analysesented further in
Fig. 3.18, show that the coe cientAy(na), unlike R (cf. Fig. 3.7), varies in a
non-linear way.

Except for the magnitude of dynamic lod@iy, other useful information from
the strain history can be also determined. One of such patarads the train
velocityv. The easiest way of its calculation is to use responses flemsensors
mounted in a known distanc®s on the same rail. It is a reasonable solution
because the additional piezosensors may also serve asgkitaensors providing
more data for averaging. The ratio of the distaridg to the time delay t between
two signals generated by two successive sensors allowsival tcalculation of
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the train velocity. However it must be assumed that the traialocity on the
sectionDg is constant. It is a justi ed assumption as the distanDg does not
exceed a few meters in practice.

The proposed method of WIM measurements enables to deterithia loads
from individual axles by Eg. 3.2 or Eq. 3.4 and the train vajoby simple calcula-
tion. The type of a railway bogie may also be roughly iderdiley looking at time
intervals corresponding to subsequent bogie axles. Tiasvalfor calculating the
distances between the axles and comparing the values witilogpue dimensions
for standard railway cars.

A more challenging analysis is the identi cation of wheeindage, especially
polygonization. Irregularities in wheel shapes would eaepeated high frequency
components in the recorded signal. Knowing the wheel diamahd parameters
of the ride, it should be possible to identify the wheels inchtthe e ect becomes
manifest.

In order to make the identi cation easier, the measured sigrshould be pre-
conditioned. A low-pass lIter is applied to extract the pripal contents of the
signal corresponding to the car mass while a high-pass ikemsed to provide a
good representation of signal oscillations accompanyirgwheel irregularities. In
practice it might be a reasonable compromise to apply a bpask Iter with a
variable frequency range e.g. dependent on the train vigloci

3.4 Pioneer installation of the proposed WIM system
in situ

Measuring sessions were carried out since 2007 till 2010 location selected
together with Polish Railways. The SHM system mentioned.BxBB3was mounted
on a typical truss railway bridge spanning a channel in Nigpmwar Warsaw.
The accompanying WIM system was installed on rails ca. 40 mydnom the
bridge. A scheme of the integrated SHM system with the lamaf WIM sensors
is depicted in Fig. 3.4. The investigation described latethie chapter is focused
on identi cation of the dynamic load only.

3.4.1 Experimental tests of the piezo-based WIM system

Two types of piezoelectric sensors were used in experirhtgts - piezoelectric

bre composite PFC sensors shown in Fig. 3.5 a and sensors made of the piezo
ceramic materialPZT-7 shown in Fig. 3.5 b. For comparison, strain gauges in
the half-bridge con guration (Fig. 3.5 ¢) were used. Additially, laser sensors for
measuring vertical displacements were mounted beneathaitéoot (Fig. 3.5 d).
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Figure 3.4: Components of the proposed WIM system duringn-situ tests:
PS1, PS2, PS3, PS4- piezoelectric sensorsSG - strain gauge, LS1, LS2 -
laser sensors recording displacementdMP - ampli er, DAQ - data acquisition
unit.

(o} d.

Figure 3.5: Sensors used in experimental tests: a. piezoefiéc bre composite
sensorsPFC, b. piezoceramic sensors based on tHeZT-7 material, c. half-
bridge con guration of strain gauges, d. laser displacemersensor
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Figure 3.6: Time signal from the piezo-sensor as a response passage of a
freight train

Fig. 3.6 illustrates a time signal collected by the piezosse during a passage
of a freight train at approx. 40 km/h. The wheels can be idesdi as signi cant
peaks of the signal. The positive signal values are obsdrgtkeen the axle peaks.
Each train bogies running over the WIM measuring point canrdegnized by
characteristic separated groups of peaks. The rst part bétsignal (approx. 3 s)
corresponds to a locomotive with two three-axle bogies, st to cars with two-
axle bogies. It can be noticed that the rst seven towed caesaMighter than the
last four ones.

The basis for identi cation of train loads are the peak vaud the time signal.
In order to scale the signal in terms of mass, a referencé @ye is needed. This
must be set in a calibration procedure e.g., the on-linebtation described in
Section 3.3.2. The mass of a car is calculated as a sum of pehles from all
axles belonging to this car. In order to improve the religbibf identi cation, one
spare sensor should be mounted in each location. Then theulegion can be
performed by means of pairs of sensors. If both the sensatls we an average
value can be calculated, if not a measurement from just oeasor, providing
trustworthy responses, should be considered.

Calibration of the proposed dynamic WIM system may be paréat by a quasi-
static (at 5 km/h) weighing system using strain gauges. Kimgvthe mass of a
locomotive and each car in the train from quasi-static measwents, a relation
between mass and voltage recorded by piezo-sensors of tip@ged WIM system
at regular train speed can be found. The results of such dperare presented in
Fig. 3.7. It can be observed that the relation between meagdumass and recorded
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Figure 3.7: Mass-voltage relationship obtained on the basiof calibration from
static weighing

voltage is linear despite generally poor condition of thiédmay track in the place
of installation of the WIM system.

During the passage of the train with known masses, vertidapldcements
of the rail were measured (see Fig. 3.8). The results cowerdpto the ones
presented in Fig. 3.6, picturing a di erent quantity (volga) for the same train
passage. In the displacement plot, the whole bogies rathantseparate axles
can be recognized. The lighter and heavier cars can be gldatinguished. The
displacement measurements were not used for weighingstraiiney were rather
carried out for having as much data as possible at the stagarohg the numerical
model to experiments, which will be discussed later. In ggnéhe track in the
WIM area was in a very poor technical condition. The rail Gispment was
about one order of magnitude higher than cited in the litenat [116, 117] and
recommended by design standards.

3.4.2 Performance comparison of piezo-sensors and strain g auges

One of the objectives of the section is to compare the perfonoe of the piezoelec-
tric sensors and strain gauges. Both the measurementsesponding to the pas-
sage of the locomotive ET-22 at the velocity 40 km/h, are meted in Fig. 3.9 a.

The curves match in the lower part and vary in the upper one.aljring the

problem further, both the signals after their normalizatioere transferred to the
frequency domain by the Fast Fourier Transfo(RFT) as shown in Fig. 3.9 b. It
is clear that signal spectra are not the same. In the rangeowffrequencies, the
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Figure 3.8: Vertical displacements of rail recorded by thedser sensor

strain gauge response dominates, contrary to the high feegy range in which the
piezoelectric responses are of higher values. It is caugetebfact that voltage

ampli ers were used to process the signals from piezoetestnsors. Unfortu-
nately they acted as high-pass Iters due to the e ect of chardrift [48]. This

e ect can be minimized by applying a charge ampli er for ecling piezoelectric
responses, because this equipment is suitable for quasé<0.1 Hz) measure-
ments [54] as well. Another advantage is that the output oétbharge ampli er

does not depend on the input capacitance [48]. It means tlma ¢lectronics op-
erated by a charge ampli er is insensitive to cable lengttinally, the responses
collected by strain gauges and piezo sensors were lterealligh-pass Iter (over

1.3 Hz). As a result, quite good agreement between both typesensors was
obtained as demonstrated in Fig. 3.9 c.

The other experiments were performed for the testing theedént electronics
dedicated to piezoelectric sensors measurements. The twd &f the ampli-
ers i.e., charge and voltage were used. The locomotive agesmeasurements
taken by the piezoelectric sensors and additionally stgginges are shown in the
Figs. 3.10 a. The measurements conducted via the strain gaamd piezoelectric
sensors with charge ampli er are analogical in contrary lte signals measures via
voltage ampli ers. In was found out the voltage ampli er tdts are not represents
the "real" deformation of the rail caused by mentioned itgipass Itering e ect.

It can be observed in the example of passenger car passagairapgents taken
by di erent piezoelectric electronics shown in the Figsl@b.

It should be emphasized that only the signal amplitudes altdwer part (below
zero) of strain histories are analyzed by the proposed Wigbrithms. Therefore
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frequency domain, c. ltered signals in the time domain

the di erences in upper parts of the plots due to the use ofimas types of sensors
(cf. Figs. 3.9 a,c) or dierent driving electronics (cf. Fi®.10 b) are negligible
from the practical point of view.

Anotherin situ test was aimed at examining the repeatability of the timensilg
at various velocities of the ET-22 locomotive running ovike tWIM measuring
point back and forth. The runs were repeated for four velesiti.e., 20, 40, 60,
80 km/h. Figs. 3.11 a, b, c present the selected peak levelthefsignal as a
function of velocity for piezoelectric sensors (voltaged asharge ampli er) and
strain gauges, respectively. The velocity e ect in the cadestrain gauge and
piezoelectric sensor with charge ampli er measuremengsrseto be insigni cant
in the selected range of velocities. The same conclusion dvagn by other
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Figure 3.10: Measurements by di erent electronics: a. loamotive passage, b.
passenger car passage

researchers [117]. The variability of repeated strain gaagd piezoelectric sensor
with charge ampli er measurements conducted for the seldatange of velocities
(20-80 km/h) is about 5 %. On the contrary, the in uence of velocity can be
clearly observed in responses collected by the piezoielesstnsors with voltage
ampli er, which is again likely to be caused by the drift etem this kind of
ampli er. The use of the customized charge ampli er resaltbis problem as can
be seen in Fig. 3.11 c.
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3.5 Numerical model vs. experiments

The numerical simulation presented in this section aims etiedmination of the
factors in uencing the dynamic response of the rail, e.¢pe humber of axles per
bogie or sleeper-ballast interaction. The main objectif¢he analysis is to obtain
the calibration factors in order to assure the precision lo¢ foad identi cation
algorithm.

3.5.1 A review of railway track models

Several railway track models are available in the literatuk comprehensive review
of this subject can be found in [118, 119, 120]. The earliestelling of the railway
track was reported by Winkler (1867). In his work, the EuBgrnoulli model was
used to de ne an in nitely long beam resting on a uniform eiasfoundation
representing the support (i.e., sleepers and ballast) [12Ihe track structure
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can be modelled as being either nite or in nite in length. &hvheel/rail system
can be proposed as a discrete mass-spring-damper moddl [B22h frequency
and time domain models are in use [123]. The most common wathefrail
modelling is to apply the beam model proposed by Timoshehlevertheless the
Euler-Bernouli beam is still in use.

The supports can be modelled as a continuous elastic foumagtl24] or
discrete beams [116]. The supports can be considered aslesasspring-damper
systems [125] or models in which the mass of the sleeperigsband also the
sti ness of paddings and damping coe cients are considef&d6].

The most common way of modelling is to analyze a half of theckranly,
justifying this simpli cation by an assumption of the symtrie load distribution.
Nevertheless the full track model can be also used [127].

Another problem is an appropriate application of the whedl/interface in the
model. The simplest way is to use a stationary load but a mgWwrad (or moving
mass) simulating the e ect of dynamic load of the train is nfumore closer to
reality. The most realistic method modelling the verticahdl resulting from the
wheel-rail contact is that of moving mass (wheel) rollingtbe track as presented
in [125]. This way is not commonly used because it is time gomnsg.

In general, the complexity of the model depends on the objestof the analysis
to be performed and according to [128] "the model should bsiagle as possible
and as accurate as necessary".

3.5.2 Description of the proposed model

For veri cation of thein situ measurements and determination of the calibration
factors, a numerical model of the rail-sleeper-ground ritdon was proposed.
Taking advantage of the experience in modelling of the WiMtewn for road
transport (see Sections: 2.3.3 and 2.4.2 ), the railway kragzas modelled using
the same FE packagADINA. A scheme of the model is shown in Fig. 3.12. The
track and loading are assumed to be symmetric with respecthi centerline
between the two rails. Therefore only half of the track is reteld in order to
shorten the computational time.

The considered model includes a section of 60 sleepers gimgpa rail with
the clamped-clamped boundary conditions. The spacings/ben the sleepers are
60 cm. The analysis is focused on the middle part of the mo2ighjiddle sleepers)
to eliminate the in uence of the boundary conditions on riksu The two-node
Hermitian beam (based on the Euler-Bernoulli beam theooyrected for shear
deformation e ects [95]) with proper geometry and materddta is used to model
the real S60 rail. The Kelvin-Voigt model is employed to model the inteian
between the sleepers of mass m=100 kg and the ground. Thenpairers of all the
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Figure 3.12: Model of the rail-sleeper-ground interaction

modelled sleepers are identical which is some simpli catioview of the results
presented in [119]. The rail pad is not additionally modghehich can be justi ed
by the poor condition of the investigated real track. The doag is applied as
vertical force vectors moving along the rail with a constaetocity.

Selection of coe cients for the Kelvin-Voigt model

The stinessk for the Kelvin-Voigt model was determined thanks to timesitu
measurements. The displacement measurements presentéd.iB.8 are the basis
for generation of the experimental force-displacementrabigristic of the track
depicted in Fig. 3.13 a. The poor condition of the real tracksamanifested by a
very low stiness at the rst phase of rail deformation, in vah the sleepers had
no contact with the eroded ballast beneath. In order to re ehis behavior of
the real track, a bilinear characteristic shown in Fig. 3d3vas adopted in the
model. The magnitude of force at 20 mm downward displacemesis adjusted
in Fig. 3.13 b thanks to multiplication of thén situ measured force (100 kN cf.
Fig. 3.13 a) by the ratio of distance between sleepers (0.6tonjnean distance
between bogie axles (1.5 m). This basically means that aelgsgrtion of the
force from the axle of a railway car standing over the WIM meament point is
balanced by reactions of the two neighbouring sleepersomingly, the sti ness
coecient is low i.e., k=0.25 MN/m if 10 mm downward displaceent is not
exceeded and high i.e., k=4 MN/m otherwise.

The viscous damping coe cient was assumed on the basis of literature anal-
ysis. As the starting point, the research performed in theliy Scienti ¢ and
Technical Centre [129] was studied. A new type of steel gleegmbedded in
the ballast layer was tested on the laboratory testing statwbwn in Fig. 3.14.
The track was periodically loaded (frequency approx. 2.8 bizhydraulic jacks.
The vertical forceF acting on the sleeper and its vertical displacema&ntvere
measured. The measurement results and the viscous dampgiragneters of the
track are shown in Fig. 3.15. An area corresponding to theeptiall energyW of
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Figure 3.13: Force-displacement characteristic of the trek: a. measured
in situ, b. used in the model

the system was determined. The hysteresis aréa which illustrates the level of
energy dissipation per one load cycle was observed.

For harmonic excitation the energy dissipated by the stuuetduring one cycle
of load can be described by Eq. 3.5:

I | dx Z 2
W= F dx= ¢ x— dt= ¢ x? dt (3.5)
dt .

The displacement and velocity can be determined from Eq.aB@ Eq. 3.7:

x(t)= A coq!t '); (3.6)
x(t)y= A sin(lt "): (3.7)
Hence, substituting Eqg. 3.7 into Eg. 3.5, Eq. 3.8 can be oftal [130]:
2z
W=c!?2 A2  sin?(t ') dt= ¢! AZ (3.8)

0
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Figure 3.14: View of the testing stand for a new type of railwg track [129]

Figure 3.15: Vertical force versus displacement after a lan period of track
testing [129]

Finally, the viscous damping coe cient can be found from Eq. 3.9:

w

€= 7 Az

(3.9)

where:
A - the amplitude of the vertical displacement of the track,
I - the angular frequency.
Hence, substituting the measured data (see Fig. 3.15) into &9, the viscous
damping is equal to:
c=2 10°Ns=m:
It should be noticed that the above-calculated value cqroggls to measure-

ments of a new type of the track [129]. Relatively high vicolamping was ob-
tained. In [116], the viscous damping coe cients for thelrpadc = 1:5 10* Ns/m



82 Chapter 3. Weigh-in-Mation System for the Railway Transport

and for the sleepers = 3:1 10* Ns/m were used respectively. The value of
c=1:44 10* Ns/m was applied in the model presented in [125]. The damping
coe cient reported in [131] was related to the unit of lengtfalong sleeper) and
equal toc=6 10* Ns=m?. Relatively big scatter of damping parameters can be
found in the literature. It is related to various con guratis of practically applied
ballasts and sleepers.

The track model developed by the author should corresponthéoresponse
of the real track which is in a relatively poor technical cibioth. Hence, in the
proposed numerical model, a rather low value of damping vgasiraed i.e.,

c=3 10'Ns=m:

Validation of the track model

The numerical results obtained from the built model werefoomed with the ex-

perimental measurements for a passage of the 120 ton ET-@hhative. Histories
of vertical displacements of the rail at the WIM measuringnp@nd corresponding
stresses in the rail foot are depicted in Fig. 3.16 a,b, evitleg a decent conformity
of numerical and experimental data.

As already mentioned, the identi cation of load parametdmns the proposed
WIM system is performed using the downward peaks of therststaiess evolution
in time. In the lower part of Fig. 3.16 b, the agreement betwabe numerical
model and experiment is excellent. Discrepancies in otheismlo not in uence
the quality of load parameter identi cation.

E ect of sti ness of the track support

The parameters that may change, while the proposed WIM sysitein use, are
certainly the support conditions of the sleepers. Stinesfsthe track can be
a ected by environmental factors e.g., low temperature imter or maintenance
issues e.g., replacement of ballast. Hence it is importanéstimate the in uence
of the support conditions on the extent of rail deformatioblsing the numerical
model, an analysis of various support conditions was padr

Under the assumption of constant load distribution and dans velocity, the
in uence of the support sti nesk on the strain response of the rail was estimated.
The obtained results are presented in Fig. 3.17. The grapts@nts a relative
change of the rail strain as a function of the ratio of the soppsti ness to base
stiness. The base sti ness was assumed to be equal to tratkess identi ed
on the basis ofin situ measurements. The highest stress in the rail foot was
observed for the most exible supports. The obtained ralatis strongly non-
linear. The support condition was found to be an importanttta in uencing
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Figure 3.16: Numerical vs. experimental results: a. vertial displacements of
the rail, b. stresses in the rail foot

the stress response of the rail. Hence it is necessary to tamunt of the
support conditions in the proposed load identi cation afglom based on pattern
recognition, because it is dependent upon environmentzbfa.

E ect of load distribution

Railway cars may have a di erent number of axles per bogiee ost common
bogies have two axles [106]. Nevertheless non-typical wdls one, three, four
or eight axles per bogie [132] are also in use. Hence the lastdbdition e ect

must be taken into consideration. In the analysis, the saotaltload value acting
on the track was distributed on a di erent number of axles. ellaxle spacing
was averaged from a set of typical freight cars and loconegtivConstant train
velocity and support conditions were assumed. The obtaiesdlts are shown in
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Fig. 3.18, which presents a relative change of rail strairadanction of the axle
number with the load distribution for a three-axle bogievéeg as reference.
The results shown in Fig. 3.18 con rm that the load distrilioh e ect must

not be neglected. Otherwise the cars with a smaller numbeaxtés might be
identi ed as heavier than in reality. Hence a correctingtéacshould be taken into
account in the load identi cation algorithm. This factor isspecially important
if the on-line calibration method (with the locomotive seny as a reference),
mentioned in the Section 3.3.2 will be applied. The need chstorrection comes
from the fact that locomotives usually run on three-axle sgwhile freight cars
on two-axle ones.
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3.6 Summary of Chapter 3

This chapter presents numerical and experimental invattgs of a new WIM
system developed for the railway transport. The system [gsged to identify
the dynamic loads generated by a train passing over piezivielsensors mounted
to the rails. The WIM proposition is meant to be a part of anegrated SHM
system dedicated to health monitoring of railway truss g&sd.

The general idea of the proposed WIM system and the methodslamed for
the identi cation of moving train load have been explainelhe accompanying
hardware and data transfer issues have been discussed. [fodtlams of load
identi cation have been considered. The method based onahdine calibration
which makes the measurements insensitive to environmeadliitions seems to
be much more practical.

Responses fronn-situ measuring sessions registered by piezoelectric sensors
and strain gauges have been presented. Both types of sepsmred to be appli-
cable to dynamic weighing of trains. Moreover the test of kid of piezoelectric
sensors (e.g., piezo-ceramic and piezo- ber) were corellicT he results were very
similar despite the very di erent cost of the sensors (pigzer one are approx-
imate 10 time more expensive to piezo-ceramic one). A limekation between
the identi ed load and sensor responses was obtained. Thecitg e ect was
apparent for measurements recorded by the piezoelectris@e and processed by
the voltage ampli er. Strain gauge and piezoelectric seasuith charge ampli er
results seem to be insensitive to this e ect.

The experimental data have been successfully veri ed by alg&erical model.
An analysis of the factors in uencing the load identi catiovas performed exper-
imentally and numerically. The e ects of load distributi@nd support conditions
were found essential for interpretation of results by thadddenti cation algo-
rithm.

The thorough investigation of the system accuracy and dilitglissues will be
the subject of further tests.






Chapter 4

Impact load identi cation

4.1 Introduction

The objective of this chapter is strongly related to the cept of Adaptive Im-
pact Absorption (AIA)[5, 4, 133]. An AlA system is a structure equipped with
control devices that modify its local structural propediée.g., local sti ness) in
real-time in order to adapt the structure to the actual dynamoading. The ini-
tial challenge is to invent technologies applicable to th@wee-mentioned control
devices. One option deals with the concept of structurakfusiith elasto-plastic
type of overall performance and the controllable yield sdrevel, where the con-
trol mechanism can be based on various types of actuatogs, electromagnetic,
piezoelectric, magnetostrictive or magneto-SMA [134, 1B%6]. Shock absorbers
based on magneto-rheological uids or piezoelectric \&ls@n be successfully uti-
lized for AIA in case of repetitive, exploitative impactey £xample in adaptive
landing gears [4]. Another type of AlA systems &waptive In atable Structures
(AIS) [137] composed of chambers lled with compressed gas anéppgd with
high performance valves which control release of pressuniaglimpact. Finally,
Micro Pyro-technique Systems (MPS)an be used for detaching (in real-time)
selected structural joints in order to improve structurasponse in emergency
situations (e.g., in crash of vehicles) [138].

In general, the AlA system should be designed for randomaatmulti-loads,
which creates new research challenges due to optimal forwiirstructural geom-
etry and location of control devices. Examples of engimgeaipplications for AIA
systems are as follows: protective road barriers [139,,lalfibmotive longitudinal
members [141, 142] bumpers and head-rest [143], so-calidt-folding protective

87
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systems [144], adaptive landing gears [145, 57], pneungesicore structures [146]
and adaptive airbags for emergency landing [147]. The gdmaerview of the AIA
concepts developed TR can be found in [148]. In all mentioned applications,
the development of the optimal adaptation strategy regaitieformation about
the characteristics of the impact loading and the value of tmpact energy which
has to be dissipated. Therefore, the initial step of the atilaimpact absorption
should be identi cation of the impact loading. Moreover, artient methodology
for the possibly precise and fast (real-time) identi cati@f the impact loading is
required.

Due to the fact that identi cation of the actual impact scenia constitutes
prerequisite for the functioning AIA systems, it should bexfprmed fast enough
to enable control the energy dissipation process [149].@bad-line condition is
to identify the impact parameters at the very beginning oétprocess i.e., before
the time instant when the acceleration of the colliding attjachieves its optimal
value (the constant value that enables to use the full strafehe controllable
absorber).

The objective of this chapter is focused on the problem of-tiae identi ca-
tion of impact load (i.e. the impacting mass and its initis¢lgcity). The idea is
to determine this two parameters when no sensor used fottiidation is installed
on the impacting object. However, the di erent case was ddaeed in the ap-
pendix G. The identi cation considered in this chapter visi# performed by mean
of specially invented device, the so-called impactomepatdnt pending [58])
which is equipped with a force sensor (and/or acceleromet@d tuneable gas-
spring. It is assumed, that the impactometer is located oa #tructure protected
by an AIA system and is exposed to impact of an object of unknowass and
velocity.

Many techniques were developed in order to identify paramsebf impact
and dynamic excitations. Most often this problem deals witénti cation of the
impact force value [11] its location [150] or both [151]. hmetpaper [115] a brief
review of methods used in the case of the indirect impacteddenti cation is
presented. This article considers a variety of approachemgasuring time history
of the impact force, its direction and location. The authoo$ the paper [24]
give detailed overview of the on-line load identi cationctmiques. Moreover,
the paper introduces four time-domain methods and discaiss#vantages and
disadvantages of the particular approaches. A comparisbthese techniques
leads to the conclusion that all of them have their own lititas and drawbacks.
The literature review shown that none of the methods is aldeidentify both
falling mass and its kinetic energy during the initial reéitonds of impact. The
motivation for the author is to Il this gap.

Taking into account the objective of this thesis, the cruciasue for devel-



4.2. Impact load parameters characteristics 89

oped identi cation techniques is operation time criteriee(, the time required to
identify parameters of the impact load) which has to ful hé deadline condition.
Contrary to o -line identi cation techniques [20], whichaumally make use of a nu-
merical model of structure and require long computationaid, the identi cation
techniques considered in this chapter have to be performeal few milliseconds
to allow triggering of the AIA control procedure in real-&m This is the reason,
why the identi cation procedure should be based upon a lgcaperating simple
hardware device rather than on a sophisticated software distributed sensor
system.

The layout of the chapter is as follows. First part of the papecludes a
general formulation of a problem and motivation for perfediresearches. In the
section 4.3 the laboratory set-up for drop tests is democeistd. In the section
4.4 numerical model for simulation of the dynamic resporfsthe impactometer
device is developed. Results of the experimental tests americal simulations for
the series of various impact scenarios are presented ifoset¢ts. In the following
section 4.6, an analytical algorithm for impact load idecdition is formulated
and veri ed numerically as well as experimentally. Fipaflysection 4.7 another
algorithm, based on response map approach is presented emeéd: The plans
for implementation of the impactometer concept are desedlin section 4.8 while
the concluding remarks are drown in nal section 4.9.

4.2 Impact load parameters characteristics

The chapter is devoted to identi cation of impact parameseof object colliding
in to structure. Contrary to the reference [115, 29] the ingp#orce identi cation
is not main subject of interests. It is assumed that for tegigpg impact energy
dissipation process via AlA devices in order to minimizeuhgro table e ect of
collision the mass and the parameters of motion of collidiigect are needed.
Fig. 4.1 shows schematically how the impacting object (iis. mass(m) and its
impact velocity(v)) e ect to the impacted cantilever structure. The curves rkar
the di erent impact scenarios characterized by the sameekim energy(Eg) of
colliding object.
Two characteristic areas can be determined in the masseitgldomain:

"Fast dynamics" (area 1) corresponds to small mass impacting with high
velocity and results in local structural deformations arahthges in vicinity
of the impact point.

"Slow dynamics"(area 2) corresponds to heavy mass impacting with low
velocity, which causes quasi-static structural deforratiln the case of the
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Figure 4.1: In uence of falling mass and impact velocity on gructural response

a. b.

Figure 4.2: Numerical simulation of truss structure resposes aected by
the same impact kinetic energy [152]: a. "slow dynamics" cas with high
mass/velocity ratio, b. "fast dynamics" case with small mass/velocity ratio

cantilever beam shown in Fig. 4.1, the overloaded partsratbe vicinity of
the supports.

Exemplary numerical simulations of structural responseMmdi erent impact
loads with the same impact energy are shown in Fig. 4.2, wiieeecase "a"
corresponds td'slow dynamics”(larger mass and smaller impact velocity), while
the case "b" corresponds tdfast dynamics" (smaller mass and larger impact
velocity). Qualitatively, dierent structural response iboth cases is observed.
As a consequence it is assumed further that the impact loadticcation indicates
identi cation of two parameters (apart from its localizatn): (i) mass of the
impacting object and its (ii) impact velocity. Real-timetéemination of these two
parameters allows for predicting the further developmehtte impact scenario
and triggering the optimum structural adaptation via AlAstgm.
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4.3 Experimental test stand

Impact tests have been carried out making use of the expetiahdree-fall drop
test stand constructed at the Institute of Fundamental Textogical Research (see
Fig. 4.3). The set-up allows to generate initial impact egpeup to 1.5 kJ by mass
of 100 kg dropped from the height of 1.5 m. Pneumatic absorbguipped with
sensors has been used as a prototype of impactometer deditjestment of initial
pressure inside the cylinder was found to be an e ective métbf modi cation
of the impactometer properties. Moreover, after havingtatied the controllable
exhaust valve into the pneumatic cylinder, the impactoratan began to play
a role of semi-actively controlled impact energy absorbéh wthe capacity of
relatively simple and fast modi cation of its charactercs.

The test-stand is equipped with electric motor (1) for lifg the mass and a
control switch box (2) used to program a set of drop tests. Thain parts of the
set-up are the pneumatic cylinder (3) mounted in the vertipasition (diameter
63 mm, maximum stroke 250 mm), the frame (4) and the carriad®. ( The
lift mechanism includes an electromagnet (6) used for &g the impacting
mass xed to the carriage (5), which is guided by the rail &yst(7) embedded
in the frame. The mass is impacting onto the pneumatic cydingdia a rubber
bumper (8). The compressor (9) enables to modify the inipa¢ssure inside the
pneumatic cylinder (3) via the regulator (10). The measummmsystem includes
all necessary conditioning systems and ampli ers. The meakdata are recorded
by a Pulse (Bruel & Kjaer) acquisition system enabling to dogumeasurements
with frequency of 50 kHz for all signals coming from:

the piezoelectric sensor (11) xed to the piston rod of thesomatic cylinder,
in order to measure the impact force-time history;

the optical switch (12), which acts as a trigger and allowsd&termine the
vertical velocity of the impacting mass just before the inopa

the accelerometer attached to the carriage to determineetier@tion of the
falling mass (13);

the magnetic linear sensor (14) to determine displacemethe falling
mass;

the accelerometer (15) attached to the piston rod of the pmwtic cylinder;
the "fast" pressure sensor (16) mounted in the cylinder;

the LVDT sensor (17) to determine displacement of the piston
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a. b.

Figure 4.3: Experimental free-fall drop test stand: a. schena of the set-up, b.
picture

The experimental drop tests have been performed for a beitelerstanding of
the impact process and its dependency on particular paramsedf impact. Then
collected measurements have been used for validation ofitineerical model and
for testing the e ectiveness of the impact identi cationgdrithms. The developed
methodologies make use of the force and acceleration sensasurements only.
Nevertheless, additionally applied sensors, as well asattadysis of high-speed
camera Im were utilized for the numerical model validation

4.4  Numerical model of the system

The pneumatic absorber described above was modeled nuatterio order to
simulate its response to various impact scenarios, i.epaith of the rigid object
of various masses and initial velocities. Another purpdseumerical simulation
was to estimate the in uence of selected parameters of theymatic cylinder on
the dynamic response of the system and further to chooser@itparameters of
the impactometer.

The proposed basic model of pneumatic absorber subjecténhpact loading
is based on assumption that pressure, density and temperaifithe gas enclosed

The numerical implementation of the pneumatic absorber mod el was done by Cezary
Graczykowski [64].
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a. b.

Figure 4.4: Considered mechanical system: a. numerical mel] b. experi-
mental set-up

in each chamber are uniform in every instant of time. Morepwkie to the
fact that considered impact process is relatively shortsitaissumed that heat
transfer through cylinder walls does not occur and process lee considered as
adiabatic. The numerical model is schematically preseimegig. 4.4 a, while the
corresponding mechanical system is shown in Fig. 4.4 b.

The considered system consists of two rigid objects, thénfalmass and the
piston, which in numerical model are represented by two raeidal degrees of
freedom. Equations of motion take the form:

M TUL Mg+ Fe = 0: (4.1)
1462 19 c=0; :
d?u; TOP BOT _ -
Mz—dtz Mog Fc+Fp+ Fg Fp + Fp =0; 4.2)

where: M1, M, are mass the falling object and the mass of the pistan; u,
indicate their displacements amygs the gravitational acceleration. The Eq. 4.1 and
Eqg. 4.2 are coupled by the component indicating contact éonich arises during
collision of the falling mass with the piston rod. The deioit of the contact force
depends on colliding objects material properties and magait is in uenced by
the geometry and shape of contact surfaces. Models of thdirgational contact
proposed in the literature usually include some combimatibsprings with sti ness
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k and dampers [153] with viscous damping Let us recall here the following
classical models described by the Eq. 4.3a-c where inis&hmnce between bodies
is denoted bydy:

linear visco-elastic proposed by Maxwell

Fc=k(ur uz do)+ c(ur u); (4.32)

linear spring, nonlinear dashpot model by Walton [153]

Fc=k(ur uz do)+ clur uz do)(ur up); (4.3b)

general model based on combination of nonlinear spring amdimear dash-
pot described by the equation

Fc=k(ur uz do)"+c(ur up do)(ur up)™: (4.3c)

A thorough analysis of contact force models will be presgmtesection 4.6.2
that concerns the "peak-to-peak approach”, since the asedrmontact model will
be crucial for the identi cation procedure.

Apart from the contact forcd-c the equation of piston motion contains terms
indicating the pneumatic forcép, the friction forceFg and two delimiting forces
FJOP andFSOT . The pneumatic forcép is de ned as a di erence of pneumatic
forces acting on both sides of the piston which are the ressaftpressurep; and
p2 acting on upper and lower piston areA{ and A,). In case when falling mass
is not in contact with the impacted object the de nition of thpneumatic force
additionally contains term indicating ambient pressyme acting on the area of
the piston rod:

Fp
Fp

pzAz p1A1 if FC 0;

. (4.4)
P2A2  p1A1 pa(Az  Ap) if Fc <O

The friction forceF is the results of friction which occurs between piston and
cylinder walls. Two models were considered. The Coulonehidni which depends
only on direction of the piston movement and velocity-degesnt friction described
by friction coe cient cr:

n # n #

Fg = F,:if%<0 and FFZFFif%>O or FE=cc— :
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In order to con ne the piston movement to the range deterndrsy the cylinder
geometry, top delimiting forcé=]©" and bottom delimiting forceF2°T were
used. Top delimiting force con nes upward displacementtaf piston and provides
initial equilibrium of the piston in case when initial pressis higher than ambient
pressure. On the contrary, bottom delimiting force is aated at nal part of the
stroke (displacement larger tham$"™ ) to protect the piston against hitting the
cylinder's bottom. Both forces are de ned in the simpli edrim of linear spring
with the sti nesskp:

FSOP kpu, if up<0 and FSOP=O if u, O

kp(uz  uS™) if u;>uS™ and FZOP =0 if up u§m:
(4.6)
The following part of the numerical model is related dirgdt thermodynamics
of the system. The basic equation describing gas in both diemnis the ideal
gas law:

BOT
I:D

p1V1 = miRTy where Vi = Al(h01+ Uz); (4 7)
p2V2 = mzRTZ where V2 = Az(hoz Uz); .
whereVy; V,; T1; T2 volumes of the chambers and its temperatuke,is gas
constant,m1; m, are air masses whiley;; hg, are initial lengths of the chambers.
The ow of the gas between the upper chamber and environmamnt fose described
by a simple formula which relates mass ow rate of gas into tipper chamber
and the pressure di erence between this chamber and enwiemt:

p=PpP2 pa= Cy(t)mz Cy(t)mz my; (4.8)

where: Cy ; Cy are the ow resistance coe cients. Other, more sophistieat
analytical models of the gas ow can be found in the classlitatature [154,
155]. However, let us note that precise modelling of ow oétbas to the upper
chamber of the cylinder is beyond the scope of this thesise iflow of the gas
could be totally blocked or totally opened with no signi dan uence on further
considerations and conclusions concerning impact ideation.

Balance of internal energy of gas enclosed in each chamiseohze considered
in a full form containing gas internal energy, global worknddy external forces,
and enthalpy of the gas added/removed from the system (c56[L

Speci c gas enthalpyHin ; Hout, Speci ¢ gas energy) and work done by gas
W are de ned as follows:
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Hin = CpTin; Hout = CpT; U= CyT; dW = pdV, (4.10)

where:Cp andCy indicate speci ¢ heat at constant pressure and constantivo,
and Ti, indicates temperature of the gas which enters the chambeue b the
fact that lower chamber remains closed the term describinth&py of the added
gas vanishes.

Initial conditions for the system concern initial positiand velocity of falling
object and the piston, and initial parameters of the gasdasihe cylinder:

du du
L) = ug  FO = VP w0 = ug - (0)=0;

p1(0) = pa; T1(0)= T pa(0) = p3;  T2(0) = T2

Equations (4.1- 4.11) fully de ne the problem of double chaen pneumatic
cylinder subjected to the impact loading. The resultingteys of di erential alge-
braic equations can be easily transformed into a system af @derential equa-
tions by incorporating ideal gas law and de nition of fordaeso other equations.
The variables for which equations are solved (chosen amengp; m1; my; p1; Tq;
p2; T2) and corresponding initial conditions can be chosen aakhilir. The nal sys-
tem of di erential equations was implemented in mathematisoftware MAPLE
and solved numerically by the fourth-order Runge-Kutta huat.

(4.11)

4.5 Impact scenarios

This section presents examination of the impact processctorsidered mechan-
ical system. The objective is to analyze the structural e under impact
excitation with regard to collision parameters as well apagtometer properties.
The considerations are performed on the basis of the expariah and numerical
results.

4.5.1 Experimental tests of impact scenarios

The considered impact types are limited to the collineartcarcollision between
the rigid bodies (i.e., falling mass and the piston rod of yymatic absorber). A
variety of impact scenarios of this kind have been testede Thpact scenarios
were de ned by three parameters: the impacting mass valbe, \telocity of the
colliding object and the initial pressure inside the pnetimabsorber. The range
of the impacting mass was 10 kg 55 kg, while the relative irtipeelocity was
adjusted by the drop height, which was con ned to the rangeDd#5 m 0.5 m.
The pressure parameter was modi ed in the range of O kPa 4@a kvhere O is
understood as the atmospheric pressure.
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The chosen cases of collision scenarios are presented.idBi@, b, c. The
graphs illustrate the experimental measurements of thetaxnforce acting be-
tween the impacting mass and the piston rod. Each group o& rgraphs corre-
sponds to a di erent initial pressure in the cylinder of pneatic absorber, namely:
a. 20 kPa, b. 100 kPa, c. 200 kPa.

Characteristic change of contact force observed in the drpent allows to
distinguish division of the impact process into two separatages (i.e.A, B)
which were marked in Fig. 4.5 a-c:

the rst one i.e., stageA when the piston rod rebounds from the falling mass
and large oscillations of the contact force occur,

the second one i.e., stad® during which falling mass is moving downwards
together with the piston which results in smooth change & titontact force.

The total duration of the stageA was approx. 20-40 ms (mainly depending on
the initial pressure), while the duration of an average éopeak was approx. 5
ms. The phenomenon of the initial piston rebounds in stAge the consequence
of relatively small value of force acting on the bottom pafttbe piston at the
beginning of process. Each of the considered impacts canhbeacterized by
the number of rebounds between the falling mass and the pistal observed in
the stageA of the process. For the employed range of impact conditionags-
velocity-initial pressure) it was found that the number bftrebounds was between
0-2. It might be concluded that the most important factor foccurrence of the
rebounds was the initial pressure. In general, the maximumber of rebounds
was observed in case of the smallest initial pressure. Thebeu of rebounds,
characteristic successive reduction of contact force geakplitudes and time
between rebounds were insensitive to used impact mass docityebut depends on
initial pressure. Generally, the stage A of the processalevifie strong sensitivity
to impact velocity but appears to be slightly dependent oe thass of the hitting
object. The rst peak of the contact force increases togetheith the impact
velocity which is the result of the explicit dependency o ttontact force on
velocity of the impacting object (cf. Eq. 4.3 a-c.)

The rebounds of the piston are damped either as a result Gifghsive proper-
ties of the contact material or due to the friction force awgj between the cylinder
walls and the piston. Along with an increase of initial press the distance be-
tween the initial peaks in stagA is decreasing and simultaneously, the height of
the peaks (value of contact force) is slightly rising. Whde tinitial pressure is
large, the contact force between the peaks is not reducecdtto,zawhich means that
the piston and the falling mass are not separated from eatteiof{see Fig. 4.5 c).
Let us note that the phenomenon of initial rebounds of thetgisis a typical
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C.

Figure 4.5: The e ect of impact mass and velocity on the contat force history:
a. initial pressure 20 kPa, b. initial pressure 100 kPa, c. iitial pressure
200 kPa
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feature of the considered pneumatic absorber and for ingdhdoes not occur in
typical hydraulic absorbers.

The rst stage of the impact process was also analyzed on thsidof the
coe cient of restitution (see appendix F). The analysis da to conclude that
the observed impact process is rather the elastic than tlastpd.

In further part of the process (i.e., stag#), the falling mass is moving down-
wards together with the piston. The stag® is signi cantly sensitive to both
impact velocity and mass of the hitting object. Some of thdlismns presented
in Fig. 4.5 are characterized by the same impact energy, kamgple (10 kg
50 cm and 50 kg 10 cm). In these cases, very di erent struelluresponses were
observed, as de ned by the force time-history in both impatages. The impact
of the same energy caused by an object with a larger masgsdaawd higher value
of the contact force in the second stage of the impact. It isiniy caused by
the impacting object vertical movement and the e ect of clggnof its potential
energy via the absorber compression.

An additional comment should be made on the dissipative ertigs of the
considered system. The main process that governs its préoce is compression
of the air chamber located below the piston. Therefore, ia thst approximation,
the system can be treated as a nonlinear elastic spring wtiads not dissipate
kinetic energy of the hitting object. However, a more stractalysis reveals several
mechanisms of energy dissipation: i) damping of the contaaterial, ii) friction
of the piston and cylinder walls, iii) in ow of the gas fromdfrenvironment to the
upper chamber of the cylinder. The experimental resultscetg that dissipative
properties of the system in the presented form are ratheigimisant. In the case
of a high initial pressure the decompression of the gas gprauses an upward
rebound of the falling mass. It is manifested in the form o€itetions of the
contact force which occur when the piston achieves its toppeeme position (see
for example Fig. 4.5 c).

The objective of the considered problem of impact identtica is to utilize the
measurements performed during sta§yeéo obtain the desired impact parameters.
This would allow the stagdd of the impact process to be controlled in order
to reduce the impact force and the acceleration of the cwitidobjects (the so
called Adaptive Impact Absorption, cf. [5]). The propose@thodology requires
that the maximal value of the contact force in stadeis lower than the maximal
value of contact force in stage. The above condition was examined for presented
experimental data and it results in contour lines shown i Bi6. For each value
of the initial pressure, the plane de ned by the impact paeters (impacting mass
and drop height) can be divided into several areas de neddabip rof the maximal
force in rst and second stages of the process. It can be eated that for the
experimentally tested impact conditions low initial pressis more pro table for
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Figure 4.6: Ratio of maximal forces in two stages of the proas in the mass
velocity area for di erent initial pressures: 20 kPa (left), 100 kPa (middle),
200 kPa (right)

Figure 4.7: High-speed snapshots of impact process (dropigat 20 cm, mass
30 kg, initial pressure 0 kPa): 0 ms, 10 ms, 20 ms, 30 ms and 40 ms

the proposed methodology of combined impact identi catiand absorption.

Impact process visualization

Chosen tests were Imed with a high-speed camera in order a@rvisualization
of the impact process and to perform the measurements vdida Figure 4.7

shows a sequence of frames with 10 ms interval, starting filmenvery beginning
of the impact process, taken for the mass 30 kg falling frora #0 cm and the
initial atmospheric pressure. The rebound between thénfalinass and the piston
rod is be clearly seen in this Figure.
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Figure 4.8: An example of indirect measurement of velocitie (from the ac-
celerometer and the high speed camera)

The movies were analyzed by the use of Tema software whichlen&acking
of the chosen point of the observed picture. The objectivenolvie analysis was to
con rm the falling mass and piston rod accelerometer meaments. The indirect
determination of colliding bodies velocity has been usedalaate measurement.
Both velocities were obtained either by di erentiation dig displacement from
high-speed camera or alternatively by integration of theeeration measured
by accelerometer. An example of obtained results is showRidgn 4.8. Both
indirect techniques led to similar results, although theedintiated displacement
was noisier and required ltering, while the integration cothed down the noise
e ect.

The determination of the velocity of the object impactingtanthe absorber
is important with respect to further impact energy dissiiget. The identi cation
is possible with the accelerometer sensor located on thiedanass, however for
integration the initial condition i.e., initial velocity ost be known. Hence, for
considered phenomena it is necessary to save the accelemitithe falling body
from the very beginning when the velocity equals zero. Tégoally it is feasi-
ble. Nevertheless, from the practical point of view at leBst di culties tend to
appear. First of all, long time of measurement lead to inseeghe error in the
velocity identi cation due to for instance the e ect of aliking [157]. Another dis-
advantage is the necessity to sensor location on the impgatbject which is very
often impossible. In order to overcome mentioned problemstreer techniques
will be proposed later on.
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4.5.2 Numerical simulation of impact scenarios

The parameters of the so callé@émpactometer”: i.e., properties of the bumper
located between the colliding objects, mass of the pistoth aad friction between

the cylinder and the piston have a large in uence on impacarelsteristics and

further process of impact identi cation. However, none tfese parameters can
be easily modi ed on the experimental drop testing stand. tha other hand,

the analysis of the impact scenarios should be extended #oddses of larger
impact energies which also cannot be easily performed awpatally. Therefore,

discussion of the in uence of the mention&ichpactometer" parameters and larger
impact energies will be conducted on the basis of numericalilation.

Numerical model validation

Comparison of the numerical results obtained on the basth@fmodel described
in Sec. 4.4 and the experimental measurements, is presentei). 4.9. Although
the results are in good qualitative agreement, the exactrgiiative compatibility
for the wide range of impact scenarios is di cult to obtain.HE main reasons are
complex and di cult to estimate mechanical properties ofemubber bumper used
in the experimental set up (hiper-elastic material projestincluding Mullins and
Payne e ects [158, 159]. Another problem is precise deteation of the friction
force acting between the piston and cylinder walls. In gahe¢he complexity of
the model should depend on the objectives of the analysisetpdrformed. Let
us note here that the model was used mainly to examine theitatige in uence
of selected parameters. The attention for the numerical mlodalidation was
especially focused on the stageof the impact process when the identi cation
process is going to be performed.

Sensitivity analysis of selected parameters

The developed numerical model was used to investigate theitsaty of the dy-
namic response of the system. The following parameters aeradysed:

sti ness of the bumper located between the falling mass alnel piston rod,
damping coe cient of the bumper,

mass of the piston,

friction between piston and cylinder walls.

The in uence of stiness and damping parameters is espéciadanifested in
the rst stage of the impact process. Increase of the sti sesf the contact
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Figure 4.9: Comparison of experimental and numerical restg of contact force
in time domain (initial pressure equal 200 kPa)

element increases the ratio of the sti ness term to the dangpiterm. The rst
peak value as well as the rebound number increase togethietiva sti ness (see
Fig. 4.10 a). On the other hand, the maximal value of forceidgithe second stage
of impact grows insigni cantly. The increase of the dampice cient decreases
the ratio of the stiness term to the damping term. Therefgran increase in
damping causes a similar e ect as a decrease of sti ness (@ Fig. 4.10 a and
Fig. 4.10 b).

If the piston mass is increased, the initial peaks of the aonhforce tend to
be more distinct and separated from each other (cf. Fig. 41L0Due to the fact
that more energy is dissipated in the initial stage of impdbe peak force during
the second stage of impact is reduced.

The friction force was simulated according to the veloapendent model
wherece was assumed as friction coe cient (cf. Eg. 4.5). On a contyao the
parameters analysed before, the friction coe cient almakies not in uence the
rst peak of force (see Fig. 4.10 d). Nevertheless, frictigigni cantly in uences
the further part of the impact process. An increase of thetfan coe cient causes
a reduction of the rebound number of the piston and a reductid force in the
second stage of impact.
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(o} d.

Figure 4.10: Contact force for various: a. stiness of the cotact element, b.
damping coe cients of the contact element, c. masses of theipton, d. friction
coe cients

Extension to higher impact energies

Another purpose of the numerical model was an examinatiothefdynamic re-
sponses of the pneumatic system subjected to the excitatiith higher impact
energies. The range of the considered impact scenarios xtaaded with respect
to the experimental section to the mass range 10-190 kg arightel0-190 cm.
The results of the analysis for selected impact scenariepegsented in Fig. 4.11.

The most important conclusion from the conducted numeriaablysis is that
an increase of both the impacting object mass and the droglitefi.e., impact
velocity) causes the ratio of the peak contact force in st&yéo that in stageA
to increase. This ratio is presented in Fig. 4.12 in the forfraccontour plot in
terms of impacting mass and drop height. The good quantit@tagreement with
the experimental plot (see Fig. 4.6) was obtained. For higipact energies the
ratio is even greater than ve which indicates that an apation of the proposed
system of impact identi cation is justi ed.
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Figure 4.11: E ects of impact mass
history (initial pressure 100 kPa)

and velocity on the contat force time-

Figure 4.12: Ratio of maximal forces in two stages of the praess in dependence
on the impact mass and velocity for di erent initial pressures: 20 kPa (left),
200 kPa (middle), 400 kPa (right)
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Figure 4.13: Dierent stages of impact: (left) beginning of the compression
stage, (middle) time instant when both velocities are equal(right) end of the
restitution stage

4.6 Impact identi cation based on "Peak-to-peak”
approach

The methodology presented in this section is based on welwk mechanical prin-
ciples. It utilizes measurements from two sensors: foros@eand accelerometer.
Alternatively, the identi cation is feasible with measunents from one sensor,
however then a well-tuned model of the absorption systenedgiired.

4.6.1 The idea

As described in a previous section, the impact process bagjth several rebounds
of the piston and the falling mass. The rebounds are sepdrdig short time
periods during which both objects remain in contact. Durthgse periods certain
instants of time must occur, when the velocities of both icliig objects are
equal. This phenomenon is schematically shown in Fig. 4d&re a simpli ed
two degrees of freedom system is presented. The instanisngf shown in Fig. 4.13
are also marked in Fig. 4.14 a.

The main idea of the proposed method of impact identi catits based on
computing the integral of the equation of motion of the impiag mass over time
in the range de ned by the time instants when the relativeogity of colliding
objects vanishes. Let us denote these characteristic tirsants byt®! andt!! (see
Fig. 4.14). In the equations presented in this section thpemindices represent the
instant of time while the lower ones correspond to the coifidobjects. Integration
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of the equation of motion of the falling mass yields:

le le le
M1 egdt M.gdt+ Fcdt=0 (4.12)
tOl tOl tOl
and therefore
®
Fcdt Fcdt
M= — = o : 4.13
TR (vt v gt (*.13)

(wp Q)dt

t01

Taking the advantage of the fact that in the considered tinrestants the
velocities of both objects are equal, the velocities andemations of the falling
mass can be replaced by the velocities and acceleratiorseopiston:

®’
Fcdt Fcdt
_ tOl _ tOl
- Vll VOl t_ e
V2" V2D o (M gt

t01

M1 (4.14)

The velocity of the impacting object at time instant$! and t* is simply
determined based on the condition that both velocities agpiad. Hence the
following equations can be introduced:

Z)l
VR = vl = Lt (4.15a)

t00

le
vit= Vil = wdt: (4.15b)
100
The formulae ( 4.14) and ( 4.15a 4.15b) can be utilized ditgcif both the
contact force and the acceleration of the piston are meaguternatively, these
formulae can be expressed in terms of forces only. Integradf the equation
motion of the piston yields:

le le le le
Mo  wEodt Mogdt + Frdt Fcdt=0 (4.16)
t01 t01 t01 t01
where: Fg is the global force generated by the absorber. Eq. 4.16 allmnde ne
the impacting mass and impact velocity in terms of the contiece Fc and the
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force generated by the absorber:

Fcdt
Mi= M, o ; (4.17)
12 ®’
Frdt Fcdt
tOl tOl
®
Frdt Fcdt
vl = L +g t (4.18)

M
The forceFr generated by the absorber contains pneumatic and frictiomgo-
nents and therefore it is di cult to be directly measured. Keng the advantage of
short duration of the contact and high values of the contacotde with respect to
other forces acting on the structure (i.e., friction, pneatit), the simpli cation of
Fr = const: might be used for approximate identi cation of the impactnaae-
ters. An alternative approach to impact identi cation Lties measurement of the
contact force only and the following de nition of force geated by the absorber:

Fr(uz;uz;t) = Fp(ugt) + Fe(uzup) + FEOP (Up): (4.19)

which can be applied in Eqg. 4.17 and Eq. 4.18 in order to deieenthe mass and
velocity of the colliding object. Alternatively, the detion of the forceFr can be
introduced into the di erential equation of the piston maot:

Mok,  Mog+ Fr(up;up;t) = Fe(t): (4.20)

The above equation allows to compute piston acceleratioiciwvhan be further
used in Eqg. 4.14 and Eq. 4.15b in order to identify the mass agldcity of the
impacting object.

4.6.2 Determination of time instants when colliding object s rel-
ative velocity vanishes

In order to apply the methodology presented in the previoag pf this section,
it is important to determine the instant$®? and t'1. In ref. [153] it is asserted
that the relative velocity of contact points vanishes whdm tcompression phase
terminates and the restitution begins. In the classical &@itheory (see ref. [160])
it is assumed that it occurs when the maximum contact forcedfiding objects is
observed. It might be thus concluded that the time instartswhich the velocities
of the colliding bodies become equal, occur when the redatiistance between
the centers of gravity of the falling mass and the piston radhiaves the mini-
mum value between the rebounds. Nevertheless, for the stae mentioned in
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the beginning of this section to be true the following coitits have to be ful lled:

the contact force must increase in terms of displacement,

the contact force must be mostly a function of the elastic atefation of
colliding bodies and should be independent or negligibheddent on other
factors like velocity.

In general, the method of determination of time instants atieh the veloc-
ities of both objects are equal depends on the propertieshefdontact element
located between the falling mass and the piston. The thrdieviong cases will be
considered separately:

elastic model of contact force,
model with viscous damping,

real rubber applied in the experiment.

Elastic model of contact force

The assumption of contact force being purely elastic is#pplied in the classical
impact theory [153]. In such a case, the contact force agdietween the falling
object and the piston is a function of the distance betweer ttenters of both
bodies, i.e.:

Fc=kx";:x=u; uy dpifx>0 (4.21)

where: dg indicates the initial distance between both objects whije u, represent
their displacements. The condition of the extremum of thetawt force is de ned
by the equation:

F
d—‘;=kn(u1 Uz do)" Yus ) (4.22)

The above formula indicates that the velocities of both albgeare equal exactly
at the instant of time when the contact force reaches its extium (i.e., maximum
or minimum), see Fig. 4.14 a. Therefore, in case of elastinitlen of the contact
force the characteristic time instant, which have to be apglin the proposed
method, can be determined very easily. An advantage of théshod is that,
except for the fact that the contact force is elastic, neititee exact knowledge of
the constitutive relation nor the knowledge of exact valdi¢he sti ness coe cient
is required.
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Contact force with the viscous damping component

In a more general case the contact force is a linear comlanatif sti ness and
damping:
Fc=kx+ogx=u; ux doifkx+ cx> O: (4.23)

Di erentiation of the de nition of the contact force over the yields:

Fc  dur uz do) Cdz(ul uz)
dt dt dt2

At time instants in which the relative velocity vanishesgtbiecond term of
Eq. 4.24 is reduced to zero. By utilizing the equation of roatbf the falling mass
we obtain Eq. 4.25, which allows the mentioned time instaiotbe determined in
terms of the mass of the hitting object. The whole system ofiaipns for solving
the identi cation problem reads:

=0: (4.24)

dFe(® Fe®, g wEp(t) =0 fort=t%t= 1t (4.25)
dt My
R
Fc(t)dt
Mid = _t AVALERVIES (4.26)
bp(t) g dt

t01

A typical solution of the problem involves:
assuming of the masidl

calculation of the time instant$%® | t'! from Eq. 4.25 and calculation of
identi ed mass and velocity from Eq. 4.26,

repeating procedure with the determined value of the mass.

Due to a large dierence in masses of piston and falling abj@nd their
accelerations), the inuence of the term dependent bty is insigni cant. As
a result, the convergence of the proposed procedure is &styand the impact
parameters can be usually identi ed after a few iterations.

The contact model which involves both elastic and dampimgnewas exam-
ined numerically and exemplary results are shown in Figl 8.10n the contrary
to the model with a purely elastic contact force, the coltigiobjects velocities
do not equalize at the time instant when the contact force gleas its maximum
but slightly later, which is in agreement with Eq. 4.24. Thee shifts t;, to,

t3 were found to be almost insensitive to impact scenario, theyt increased
together with the viscous coe cient used in Eg. 4.23.
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Real rubber contact material properties

The rubber contact element used in the experiment is chandoed by a complex
mechanical behavior of rubber brie y described in Sectidh2 Precise modeling
of rubber requires a three-dimensional model of the constisystem as well as
the Arruda-Boyce or the Ogden-Roxburg [161] constitutivedels. The alterna-
tive approach proposed here does not require a numericakeirentt is based on
experimental results only. The performed measurementgatel that the time
instants at which the relative velocity vanishes can be aeieed with respect to
the contact force peaks.
The characteristic features of the process were observed:

time shifts (i.e.,, ti, tz, to ) were dierent for the rst, second and
third peaks of the contact force, cf. Fig 4.14 c,

mentioned time shifts were almost independent on impactimgss and ve-
locity.

The second of these features enables a straightforwardicgijmn of the pro-
posed method based on Eq. 4.14 and Eq. 4.15b since the daratiche time
shifts are determined in advance.

4.6.3 Veri cation of the method

The proposedpeak to peak"identi cation method was veri ed experimentally and
numerically. Eg. 4.14 was applied in order to perform the sridenti cation. The
experimental veri cation makes use of measurements from $ensors (i.e., force
sensor and accelerometer attached to the piston rod). Thgainexperimental
tests enable to obtain the average lengths of the time shifts and t, for the
preselected set of impacts. They were further used durirgy stage of method
veri cation for determination of the time instants®! and t.

The impact mass identi cation was tested for a vast varietly impact sce-
narios de ned by impact mass, velocity and initial pressuegemplary results of
identi cation in the case of the initial pressure of 100 kPa &hown in Fig. 4.15.
The graph presents in each case the exact value of the mas¢hanidenti cation
error (i.e., the relative di erence between the identi echad actual values).

The results presented in Fig. 4.15 show a large diversitydenti cation er-
rors. It is a consequence of the strong sensitivity of the metto measurements
inaccuracy which is especially apparent for small initr@lspure and large mass of
the impacting object.

The identi cation of the velocity was experimentally tegt@sing integration
of the piston rod acceleration (see Eq. 4.15b). The methodsughe assumption
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C.

Figure 4.14: Contact force and colliding object velocitiesn time domain for
di erent models of the contact material: a. elastic contact force, b. contact
force with damping component, c. experimental results
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Figure 4.15: Mass identi cation, experimental results (intial pressure 100 kPa)

of the equality of velocities of the colliding objects at grinstantst®® and/or t1*.
For veri cation purposes the instarf! was used, since then the impacting object
mass is already identi ed. The determination of the actualocity was performed
by an analysis of a movie taken by the high-speed camera agnsimoSec. 4.5.1.
The identi cation results are shown in Fig. 4.16. The acatyais consistently
better than 2 % and no signi cant in uence of the initial coigbn was observed.

The numerical model presented in Sec. 4.4 was used to peréostatistical
analysis of mass identi cation error and to investigate timeuence of selected
parameters. The analyses were focused rather on qualitatian quantitative
e ects. In order to obtain more representative results, theerage identi cation
error for 125 impact cases (impact mass 10-50 kg, impactaigid-3 m/s, initial
pressure 20-400 kPa) was calculated.

The proposed methodology turns out to be sensitive to impagnditions.
Fig. 4.17 presents the in uence of impact mass, velocity aritlal pressure on the
mean identi cation error. More accurate results were obtd for smaller masses
of the impacting object, which can be explained by an anslgsithe ratio of the
falling mass to the piston rod mass. A smaller ratio leads karger velocity change
of the dropped mass in the rst phase of the impact process.aA®nsequence,
the identi cation procedure seems to be less sensitive t@sneements noise in
the case of small impacting masses. The second aspect ddtiom the statistical
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a. b.

Figure 4.16: Velocity identi cation, experimental results: a. initial pressure
20 kPa, b. initial pressure 100 kPa

analysis is that a higher initial pressure in the pneumabeaber leads to more
accurate results. In general, a full rebound between theaictipg object and the
piston rod is undesired, since it leads to a small change efrtative velocity
in the rst stage of the impact and a larger identi cation e as a consequence.
Contrary to the mentioned parameters, the velocity e ectsvaot signi cant, even
if the precision slightly increased together with the impaelocity. The general
conclusions mentioned in this section correspond to thelyema presented in the
appendix H.

The experimental results are often corrupted by the measar@s noise. The
sensitivity of the proposed methodology to these distudemnhas been analyzed.
In the numerical experiments, the noise-free simulatiossults were disturbed by
random Gaussian noise in the range of 0-10 %, which was deawthe root
mean square value of the original signal. The results aregmted in Fig. 4.18,
where the force, acceleration and both quantities werewlistd. Each point in
the graph presents the mean identi cation error for 125 impaases (de ned
by various masses, velocities and pressures). Despiteathe humber of tests,
apparently random values of identi cation errors were ab&l. However, an
obvious conclusion might be drown that larger disturbaricameasured signal lead
to a larger error of identi cation. The noise in the force sa was found to have a
larger in uence on mass identi cation error than the noisethe acceleration signal.
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a. b. (of

Figure 4.17: Average error of mass identi cation in dependece on: a. falling
mass, b. initial pressure, c. impact velocity

a. b. C.

Figure 4.18: Average error of mass identi cation as a functin of signal noise:
a. force signal noise, b. acceleration signal noise, c. boslignals noise

It was noticed that the crucial task is the proper determiioat of the instantst%*
andt!!, which are obtained based on the force signal. Hence, dishaes in the
force signal lead to inaccurate determinationt8f andt! and as a consequence,
to errors in mass identi cation.

Finally, the inuence of sampling frequency on the idenéton error has
been analyzed. The results presented in Fig. 4.18 cleaviyatehe importance of
this parameter. As expected, higher sampling frequencyplesato obtain more
accurate results. Good results (i.e., mean error below 5 98) @btained for
the sampling frequencies exceeding 30-40 kHz. Unfortupaéxen in this case
extreme outliers (i.e., approx. 20 %) can be observed. A gdr@nclusion might
be drawn that the methodology requires a high sampling feemqy of 50 kHz or
more.
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Figure 4.19: Error of mass identi cation as a function of sanpling frequency

4.7 Response map approach

The methodology proposed in this Section is focused on th&imam simplic-
ity of the data acquisition set-up, i.e., application of atgarithm which utilizes
measurements from one sensor only. Besides, the aim wascteate the compu-
tational cost, which is crucial, as the device has to respondhediately in order
to ful Il the deadline condition.

4.7.1 The idea

The proposed method can be classi ed into the group of pattexcognition tech-
nigues. The identi cation is performed based on a formengpared database of
measured dynamic responses caused by various impact gxeapplied to the con-
sidered structure. The actually measured dynamic respansempared with the
responses stored in the database. The methodology can Bsidd as model-free
because the structural model is not required in the iderdtion stage.

The objective of identi cation is to determine the impact raneters (mass
and initial velocity of the impacting body) for which the sttural response is the
most similar to the actually measured response. The ideation is based on a
pre-fetched database (called the response map) which gatbkected character-
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the structural response on impact parameters is de ned ly fibllowing relations:

Y1 = Yi(X1;X2;::15Xn);
Yo = Yo(X1;X2;::15Xn); @.27)
Ym = Ym(X1;X2;:11;Xn):

The approach consists of two main steps. In the rst step, ttatabase
is generated, which can be performed either via a calibratacherical model
of the structure [162] or by experimental tests. The secotgpsis the actual
identi cation. Measurement of the actual response is perfed and compared
with the measurements stored in the database.

The proposed approach leads to an optimization problem iickvthe discrep-
ancy between the actually measured respovisk and the stored responseés is
minimized. With the normalized least squares discrepanegsure, the objective
function to be minimized takes the following form:

identi ed, denoted byn, is limited by the numbem of the parameters used for
identi cation: m n.

In the considered case two parameters (i.e., falling olsjensdM 1 x; and
its impact velocityV,s  X») had to be identi ed based on a single measurement
from the force sensor. Therefore, in order to construct tkeponse maps, at least
two characteristic quantities had to be extracted from eaihgle measurement.
As an example, Fig. 4.20 shows in the mass-velocity spacdwbeparameters
(Y1;Y>2) used to construct the response map.

For the given response maps, the impact identi cation prhwe utilizes the
error function de ned as:

2 2
YM o Yi(M; V) N YM  Yao(My; Vh)
YM yM

f (M 1, Vl) = (429)
where:
M, andV; are the impact parameters to be identi e?z(M1; V1) andY2(M1; Vi)
are obtained from the response maps for the speci c valuelsl pfand Vy, while,
YM andYM denote the actually measured values.

The identi cation problem can be presented graphically.nSider two contour
lines of the response maps, which correspond to the actuadigsured value¥M
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Figure 4.20: Examples of experimental response maps: (I1&fY1; (right) Y>

Figure 4.21: Graphical interpretation of the identi catio n process

and Y . The intersection point de nes the identi ed impact paratees, which is
shown schematically in Fig. 4.21, see the analogy to the@anline plot presented
in Fig. 4.20.

4.7.2 Selection of parameters for the response maps

An important task is the extraction of the characteristicateres of the measured
response to be stored in the database. Appropriate choicthese parameters
(signal features) facilitates the identi cation and leatts more accurate results.

The response map is prepared based on the experimental nesasats of the
contact force. The choice of force sensor was motivated $loitation (i.e., xed to
the absorber) and signal properties (smooth and not reqgirltering). However,
the procedure can use other sensor, if its measurementsi@tse enough to the
impact parameters.

Since the procedure utilizes contact force as a main quatitit the identi ca-
tion, its sensitivity on impacting mass and velocity is ¢alidor the e ectiveness
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of the methodology. The analysis (see Section 4.5, Fig. & Big. 4.11) con-
ducted via the experimental measurements and numericallation proved strong
dependence of the contact force on hitting object velocityidg the whole period
of impact. On the contrary, the dependence on mass of the ittipg object is
noticeable only in the second stage of impact. It indicateattin the rst impact
stage it is easier to identify the impacting object veloditan its mass.

As an example, the rst parameter of the respor(&) can be de ned as the
rst peak value of the contact force, and the second param€d®) as its integral
in a certain period of timdto; teng):

Y1(M1; Vi) = max Fc(My; Vit); t (to;tend);
znd
Y2(M1;Vy) = Fc(Mq; Vq; t)dt;

to

(4.30)

znd
YM =max F¥ (t);t (to;tend); Y21 (1) = FM (t)dt: (4.31)

to

The parameters de ned by Eq. 4.30 correspond to the valuesest in the
database while the parameters de ned by Eq. 4.31 are exé@dtom the actual
measurement.

The shape of the objective function (cf. Fig. 4.22) was stgbndependent on
the length of the time interval used to determine the secoadameterYs. If only
the initial stage of the impact was consideréd,g = 10 ms), the objective function
depended mainly on the impact velocity (a long valley aldmg mass parameter,
see Fig. 4.22 a. As the length of the time period increased,dhjective function
became dependent also on mass of the hitting object. It imidis that mass
identi cation is easier when the measurement of the resgassperformed over a
longer time period.

The choice of proper parameters of the response for prejmaratf the response
map is also motivated by practical aspects. The selectedeshave to be char-
acteristic for the impact process, that is it should be pbhsito unambiguously
determine them from the measured signal (without neglegtihe deadline con-
dition). Hence, the objective is to nd characteristic paneters of the response
which exist at the beginning of the impact process (st@ge Another important
aspect is the reduction of dimensionality of the respons@snas pattern recogni-
tion classi ers become in general less e ective as the disimmality of the feature
space increases [163]. Moreover, the computational costgsi cantly lower in
case of a small-dimensional database. Sampling of the patemspace might be
uniform or non-uniform. If a region of more frequent casess ba determined, the
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C.

Figure 4.22. Dependence of the objective function on the tim interval used
for identi cation: a. teng = 10ms, b. teng = 40ms, c. teng = 60mMs
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probability density functions are used [162] for samplifidhe parameters space.
In the considered case it is assumed that each impact saeisgqually probable
and a uniform sampling is used.

Finally, taking into account all the above indications, thelected parameters
were either the amplitudes of the two rst peaks of the fordgrel or the force
maximum value and integral in the considered time interval.

4.7.3 Veri cation of response map approach

The veri cation of the method was focused on the sensitidtyalysis and it was
performed on the basis of numerical simulations. Two paransavere considered:
identi cation error and computational cost.

The response map was built using the results obtained for diG¥ent im-
pact scenarios (10 impacting masses 10-50 kg and 10 impdatities determined
by the drop height 5-50 cm), while the initial pressure was albered. Hence,
the database was originally of the size 10x10 and utilized parameters. The
approach was tested using 10 randomly selected impacts.mfoitant problem
to be considered is the minimal size of the database whichagtiees acceptable
identi cation accuracy. The database density was numdhjcancreased by inter-
polation. Nine databases (25x25, 50x50, 100x100, 250x280x500, 1000x1000,
2000x2000, 25002500, and 3000x3000) were obtained.

The graphs shown in Fig. 4.23 present the average identiaraerror and the
computational cost of identi cation of impacting mass (Fig¢.23 a) and impact
velocity (Fig. 4.23 b) as functions of the database size. di¢he rst two peaks of
the contact force in the rst stage of the impact process wewed as characteristic
parameters. In each case, the accuracy of velocity ideatian turns out to be
much higher (about 5-10 times) than the accuracy of mass tidgation. It is the
result of the di erent sensitivity of the measured contacrée on both parameters.
In general, the accuracy of the response map approach isesetogether with
the database size. Nevertheless, the computation timeeiases signi cantly as
well. Hence, the identi cation process for large databasesame impractical with
regard to the deadline condition. For databases larger tBAA0x3000 (AP of
mass-velocity variants) the computational cost exceed®gd Bis for a modern PC.
As a consequence, the 500x500 database has been used tmtpeaem acceptable
identi cation accuracy and to keep the computational cost

Next, the maximum value of the contact force and its integiala certain
time interval were used as characteristic parameters tddbthie database. A
signi cant in uence of the integration interval length onhe identi cation error
was found. The results obtained for the database 50x50 aosvehin Fig. 4.24.
The accuracy increases together with the time interval, alshis most signi cant



122 Chapter 4. Impact load identi cation

a. b.

Figure 4.23: Average identi cation error and time as functions of database
size: a. mass identi cation, b. velocity identi cation

for smaller databases. On a contrary, in the case of veladdignti cation, the
obtained precision is insensitive to the length of the imggn interval.

4.8 "Impactometer" device concept

The conducted research enables to propose a concept of thieedgvhich utilizes
the developed on-line identi cation methods. Such a dewioatains a gas spring,
which can be switched to a pneumatic absorber (via contodipening of pressure
release valve), and thus be capable of impact energy aliearjit a controllable
manner (patent pending). A simpli ed scheme of the impactter together with
the pneumatic AIA (Adaptive Impact Absorption) device iogim in Fig. 4.25 a.
The force sensoF and the accelerometefA are used for the identi cation of
impact parameters and together with the gas spring and thetiam systemCS,
are the main part of the impactometer. The pressure senfgrand P, are used
for the measurement of the pressure in the chambérand V., and together with
the control systemCS and controllable valve Z are the main parts of tA¢A
system.

The theoretical e ectiveness of an AIA system which utdizenpactometer-
based impact identi cation is shown in Fig. 4.25 b. Threed®rhistories are
presented: i) the case when the valve remains closed duhiegnipact process,
i) the case with constant optimum valve opening and naliyy the case with a
real-time control of the gas ow. Both considered adaptatigtrategies enables
to reduce the contact force observed in the second stage tisiom and so to
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a. b.

Figure 4.24: Identi cation error as a function of analysed brce signal length:
a. mass identi cation, b. velocity identi cation

a. b.

Figure 4.25: An adaptive impact absorption system equippedwith the Im-
pactometer device: a. schema of the proposed system b. numerical exarapl
of an impact scenario
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decrease the acceleration acting on the colliding objedie Becond of the applied
strategies (real-time control of the gas ow) allows to olitaoptimal constant
level of the acceleration.

4.9 Summary of the Chapter 4

The chapter presents a thorough analysis of the process dfid body impact
into a pneumatic cylinder. The impact drop tests were parfed experimentally
and a numerical model of the impact process was developed.idA variety of
impact scenarios have been tested and its range has beenrivatheextrapolated.
Various properties of contact element in collision regicgravinvestigated. Two
algorithms for real-time impact load (i.e., impact massloaty) identi cation have
been demonstrated (in Sections 4.6 and 4.7). Both algorghoperate in real-time
and enable identi cation of impact during the initial mi&conds. It makes them
useful for potential future applications in adaptive impabtsorbing systems since
non of then do not required the sensors located in the impactbject.

The rst of the proposed approaches (the "peak-to-peak" rhetl) uses two
sensors (contact force and piston acceleration) for a vasf fdenti cation, which
is possible due to the simplicity of the procedure. On theeothand, the method
requires high sampling frequency and almost noise-freesurement data. Preci-
sion of the identi cation was found to be sensitive to the émbal parameters of
the "impactometer". An acceptable precision was obtaineldew the mass of the
impacting object was comparable to the mass of the piston (within the range
of one order of magnitude) and for high pressures inside ttiader.

The second of the proposed methods (the "response-map" @gr) is based
on single measurement only (contact force), however it negguinitial preparation
of the database. It can be obtained either by multiple experital tests or by
numerical simulations. The "response-map" approach rexgiionger identi ca-
tion time than the "peak-to-peak” approach, but the resultse more precise.
The mean value of identi cation errors as well as their déwiass decrease for
larger databases, however at the cost of the identi catiameé. It was proved
that the precision is signi cantly improved by consideriagonger contact force
history, but it delays the identi cation process. Indepemdly on the identi cation
method, accurate velocity identi cation is much easier terform than accurate
mass identi cation.

In the next step, the "impactometer” will be realized and ilmmented. The
problem of impact identi cation will be extended into two drthree dimensional
cases which is much more challenging and requires more eedadenti cation
techniques.
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Conclusions

5.1 Concluding remarks

The concluding part of this thesis, rstly, presents a breefmmary of the chapters
content and in the following part, emphasizes the originahiavements of the
study.

5.1.1 Summary

The main objective of the thesis was to develop techniquesdimamic load
identi cation operating in real-time. To this end, two majtasks were undertaken,
namely:

development of a new class of cheap detectors, operatinghenbiasis of
piezoelectric strain sensors, suitable for real-time diéba of loads generated
by vehicles (i.e., a new type of WIM detectors dedicated éad and railway
transport),

development of a new class of impact detectors, approprfatereal-time
impact load detection (i.e., the detection of impacting ebj's mass and
velocity).

The thesis begins with a de nition of the dynamic load idecdtion problems
and emphasize a motivation for the performed research. éitlroductory part,
a brief discussion of the load identi cation techniques tmetform of literature
review is also given. Special attention is paid to real-tegstems and important
notions relevant for this subject are explained. Since guézctric measurements

125
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were extensively utilized during the experimental resedte piezoelectric sensoric
techniques are discussed and compared to other methods.

The second chapter explores the area of road Weigh-in-Motion detectors. It
starts with literature review which gives an overview of éheady developed and
available road WIM devices. Two new WIM detectors (i.e./beshape and plate-
shape one), operating on the basis of the monitoring of th&iist development
in deformable body by use of piezoelectric strain sensoese \wroposed. Their
development was supported by numerical modelling valdtla&eperimentally. It
enabled to perform experimental and numerical investieiof factors important
for moving load identi cation and to formulate algorithmsThe research proved
that, since the detector is considerably wider than the foott area, no integration
of the measured signal is necessary, and in principle, theakiamplitude can
be taken as a load equivalent. As a consequence, the widectes are more
precise what was shown in the thesis. Practical implemeotabf the beam-
shape and plate-shape devices proved that the rst one wasemensitive to the
velocity e ect of a vehicle passing over the detector. Atlmg velocities strong
vibrations occur, and consequently, the beam-shape deteean be applied only for
limited range of velocities (up to 50 km/h) contrary to thegik-shape one where
no velocity limits were observed. Two times higher load fideation precision
achieved by the plate-shape device (better than 10 % of amurelated to the
static measurements) makes it more promising in practiceaweler, the beam-
shape devise requires smaller number of sensors than tke-gflape one which
may be of importance in cases where the economical pointesf 6 considered.

The third chapter is devoted to the implementation of the Weigh-in-Motion
detectors for railway transport. First, some existing WIMethnods in the railway
applications are reviewed. The main purpose of the reseprebented in this
chapter was a practical implementation of a detector whiglerates on the basis
of piezoelectric-strain measurements in the rail. The idéhzes the recording of
the strain evolving in rail due to the motion of train. The expmental research
was carried outn situ and enabled to validate the numerical model of the rail-
sleeper-ground system. The numerical and experimentalarek were focused
on the analysis of the factors a ecting the load identi cati using the devel-
oped idea. A linear relation between the identi ed load amdponses obtained
from sensors was observed. The train velocity e ect wasgimsiant for signal
amplitude measurements recorded by the piezoelectricoserend processed by
the charge ampli er in the tested range of velocity. The nuinally investigated
e ects of load distribution and support conditions were falito be important
for load identi cation. Two algorithms of load identi catin were proposed. The
method based on the on-line calibration which makes the megmsents insensitive
to some environmental conditions seemed to be more prdcti@aspite the poor
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condition of the railway tracks in the measured area the ttgved device shown
5 % of repeatability of sensor signals responses.

The research presented in the second and third chapterseprtivat the piezo-
electric strain sensors can be used for the dynamic loadiidation. This kind of
sensors is good alternative for more popular ones, likarsgjauges and/or ber
optics. However, it is crucial to use high quality electcnand proper calibration
process. The usage of a proper ampli er in the measurementigavas found to
be of an uttermost importance. It was proved that considdydietter results can
be achieved when charge ampli ers were used instead of thageoones. Two
types of piezoelectric sensors were used, namely, pigaoageone and piezo- ber
one, for which similar results were observed despite a sagridi erence in their
cost.

The research described in theurth chapter is of a more fundamental matter
than the one presented in the previous chapters. The fouhibpter is focused
on the development of théimpactometer' concept. First, a review of the so-
called Adaptive Impact Absorption (AlA) is given since thEAAystems seem to
be a potential area of application for the impactometer. Thbjective of this
chapter is related to the problem of real-time identi caticof impact load (i.e.,
the detection of an impacting object's mass and initial \étg). The conducted
experimental research as well as numerical simulationsolegvelopment of two
identi cation algorithms satisfying the following regeiments: rstly, sensors used
for the identi cation cannot be directly attached to the inagting object, and
secondly, the identi cation should be attainable at the yéreginning of the impact
process. It was checked that the precision of mass identiocedepends strongly
on the absorption properties of an AlA system; taking inte@ant these absorption
properties should allow for an improvement in identi catioThe impact velocity
identi cation was found to be less challenging; in geneialyas attainable with
higher accuracy than the mass identi cation. Two di ererdenti cation methods
were compared. It was shown that each of them has its own melithitations
and drawbacks.

5.1.2 Key achievements of the investigation

The thesis in the author's belief, is rather experimentalritthe theoretical one. It
has already been mentioned that the main objective was dpwetnt and practical
implementations of all presented ideas. However, the expartal research was
supplemented with many numerical simulations in order tpaexl the area of
investigation.

In author's belief, all assumed objectives of the thesisehasen accomplished.
In particular, the following original achievements can l&tidguished:
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Chapter 5. Conclusions

a inexpensive piezoelectric-sensor-based technolognafiorand road weight-
in-motion devices was developed,

laboratory and eld tests of the new piezo-based road weightnotion con-
cepts were conducted,

algorithms for dynamic load identi cation dedicated foreloriginal proposed
road WIM devices were formulated and implemented,

two prototypes of weight-in-motion devices dedicated forad transport
(namely, the beam-shape one and the plate-shape one) wesigrded, man-
ufactured and tested,

the methodology capable of monitoring of the railway traogp(based on
the strain history measured in rail by piezoelectric sesjsaas developed,

the measurement algorithm for railway load detection ad a&the procedure
of on-line calibration for the rail WIM system was formuldte

a prototype of weight-in-motion device dedicated for rajwtransport was
designed, manufactured and tested,

important factors for proper dynamic load identi cation ed for WIM railway
and road devices were determined,

two real-time impact load identi cation procedures usingnsors xed to
the impacted body (i.e., no sensors present on the impactihggct) were
developed.

a concept of the "impactometer" suitable for real-time maasd velocity
identi cation of impacting object was introduced.

Some parts of the presented research were used in patengimmgemamely:

patent pending for the railway weigh-in-motion system ddnsng a part
of the structural health monitoring system dedicated fougs bridges [3],

patent pending for the method and device for mass and kinetiergy iden-
ti cation of an object impacting onto barrier [58],

patent pending for the pneumatic absorber and the methodrfgract energy
dissipation [164].
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Appendix A

FE modelling of piezoelectric
sensors

Load identi cation devices considered in this thesis mgilthe sensors operating
on the basis of piezoelectric e ect. Models of the WIM desides., road one
(beam-shape and plate-shape) and rail one were created erbésis of the FE
method. Thus, one of the crucial aspects for obtaining ccrmeumerical results
was precise modelling of piezoelectric strain sensors. mbdels were prepared by
means of ADINA software, which is not directly equipped wihke model of the
piezoelectric material so this task was not trivial and a enor-depth explanation
is needed.

The explanations presented in this appendix are partitylariented for shell
structures and thin wall 3D structures. Certain assumptieere made. The piezo-
electric patch has to be parallel to the mid-plane of the sture. The electric
eld and the displacement are assumed to be uniform acrosspibzoelectric sen-
sor thickness and aligned on the normal to the mid plane [18@preover, the
sensors are thought to be homogeneous along the longitudina the transversal
directions. As a consequence, the piezoelectric constargsequal(es; = es3)).
Finally, the e ect of the interaction between the sensor ati structure is ne-
glected. The last simpli cation can be justied by the factf aelatively small
dimension in comparison to the whole structure.

For a piezoelectric sensor, de ned as a shell which ful uasgtions mentioned
above, Eqg. A.1 [96] can be applied to calculate the value efdharge generated
by means of the piezoelectric material. The example of aqgakxctric shell is
presented in Fig. A.1.
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146 Appendix A. FE modelling of piezoelectric sensors

A @'
= A+ zy— dl; Al

Q=eésn . Uo m @n (A1)
where:
Q charge generated by piezoelectric sensor,
€31 piezoelectric constant,
up:A displacement normal to the contour,
Zm distance between the mid plane of the model and the piezctele sensor
(see Fig. A.2),
g. slope.

The charge generated by means of the piezoelectric sengmndis on linear
strains and this represents the rst term of Eq. A.1. Moreoiteis important to
consider the bending slope of the sensor and this was indlibjemeans of the
second term of Eqg. A.1.

In the numerical model, the surface of the piezoelectricsselis discretised
using nodes. The density of the FE model mesh should be thso the positions
of the nodes correspond to the edge of the piezoelectricasemscording to the
paper [166], it was proved that the value of the response ofiefled sensor does
not depend on the number of the FE corresponding to the mededensor. Thus,
the charge produced by the modelled transducer is equivatethe sum of the
displacements and rotations of the nodes located on the @eedge. Since the

Figure A.1: View of the shell with parameters used in Eq. A.1 96]

Figure A.2: Representation of the parameterz,, for thin wall structures
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Figure A.3: Down view of the model

piezoelectric strain sensor is a rectangular (this shaps uwsed in experimental
test), the value of the charge can be calculated from thecfgihg formula:

X0 o
Q=e3 (Ui+zm" )+  (j+2zm j) ; (A.2)
i=1 i=1

where:

u node displacement irx detection,

node displacement iry detection,

rotation of node aroundy axis ,

rotation of node aroundx axis,

i nodes on the edge located parallel joaxis,
j nodes on the edge located parallel toaxis.

It is recommended (if possible) to prepare the FE model immsuway to locate
the piezoelectric sensor to be parallel to the coordinatgstesm axis used in the FE
program. This operation considerably simpli es the analy$or instance, in case
of the model presented in Fig. A.3, the modelled piezoelestnsors were located
on the bottom of the pipe. This position allows the analysistwo dimensional
coordinate systenx;y.

The charge produced by a piezoelectric sensor is lineadgagptional to the
sensor deformation. Thus, it is advisable to measure thplai®@ments and rota-
tions of the nodes located on one edge in relation to the othamallel edge. It
was practically conducted by calculating the displacerseand the rotations in
the opposite nodes using the opposite signs, as illustratdeg. A.4. To ease the
analysis, the rotations and the displacements are preskintevo drawings. Senses
of the vectors presented in Fig. A.4 b were chosen accordintheé "corkscrew
rule".
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a. b.

Figure A.4: Senses of the vectors used in calculation: a. gikicements, b. ro-
tations

In practice, the values of the signals were calculated seplr for the nodes
located on the longer and on the shorter edge of the sensor. A8 and A.4
were used for the calculations, respectively. In the casmare qualitative then
guantitative aim of the analysis, the piezoelectric comstiactor can be neglected

in the equations.
X
Qong = (Xi* Zm' i); (A.3)
i=1
where:
X node displacement in thex detection,
' rotation of the nodes around axis,

i the nodes located on the longer edge of the modelled sensor.

X
QsHortr = (Yj *+Zm j); (A.4)
j=1
where:
y node displacement in theg detection,
rotation of the nodes aroundy axis,
j nodes located on the longer edge of the modelled sensor.

Finally, the signal generated by means of the sensor modebtgined by
the sum of the values calculated from Eq. A.3 and A.4. In ortierachieve
the quantitative validation of the simulation, or to comgathe numerically and
experimentally obtained results, the piezoelectric canstmust be considered.
Moreover, the measured signals are most often stated inagelt Hence Eqg. A.5
may be useful.

V=0QeC % (A.5)
where:
Qr charge resulting from forcd=,
C capacitance of the device,
V sensor voltage signal.



Appendix B

Small testing stand of the
beam-shape device

Testing stand presented in Fig. B.1 ¢ has been built in ordeperform a fea-
sibility study of the proposed beam-shape WIM device. Meeeothe objective
of the research was to develop an algorithm for the load idestion (see ap-
pendix C). The stand included a steel pipe symmetricallypsuigd at the ends.
The Ampli ed Piezoelectric Actuator APA60SM (see Fig. B.l lnanufactured by
"Cedrat" company was used to generate the excitation. Thaloshape of the
actuator serves mechanical ampli cation of the deformatiof the piezoelectric
material which is usually up to about 0.1% Im/mm at typically 150 V [167].
Two piezoelectric patches (see Fig. B.1 a), located symioally on the surface
of the pipe, were used to measure the parameters of the dimita

The design of the stand enables the actuator to be put in déer positions
along the test pipe. In general, this feature has been usedrder to simulate
various location of excitation generated by car wheel (ia ttase of "real" struc-
ture). The location of the actuation is one of the considereatiables. Electric
signals of various shape, amplitudes and periods can betaglile the actuator.
A half-period sinusoidal signal was chosen to simulate tteeforce exerted by a
running car on the structure, because it is close to the reed (see Fig. 2.4). An
example of a waveform of the driving signal is shown in Fig.d8.The parameters
labeled in Fig. B.2 a, have a physical meanings:

period of the signalT' is equivalent to the car tire contact time with the
analyzed structure,
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C.

Figure B.1: Laboratory testing stand: a. piezoelectric sens, b. actuator,
c. overall view

10f ! ! ! . 1 RO — ¥ —left sensor
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Figure B.2: Experimental signals: a.waveform of the signal dving the actu-
ator, b. signal produced by the sensors mounted on the pipe

amplitude of the signalA' is proportional to the axle-load of the car.

In real road conditions, cars travel with di erent veloeii, their weights as
well as the positions of their wheels on the lane vary a lot.eSénthree factors
have to be taken into account while performing the researthus, the actuator
has to be put in various locations during the experiments @aribus values of the
excitation period and the amplitude have to be used.

When the pipe is bent, the piezoelectric sensors producdtagasignal. Based
on the signal generated by the piezoelectric patches, thedtigated parameters
(axle load and velocity) can be determined. Sample signetgived from the
piezoelectric patches are shown in Fig. B.2 b. The presentddes correspond
to: (T) the period of the measured signa{A) the amplitude of the signal.
Two sensors located symmetrically with respect to the sufgpof the deformable
body are used: the symbbmarks the measurements coming from the left sensor
while the symbot marks the measurements coming from the right sensor.



Appendix C

Simpli ed load identi cation
algorithm

Presented load identi cation algorithm was developed oa liasis of the laboratory
experiments performed by use of the testing stand shown imendix B. The
algorithm objective was to identify the dynamic excitatiaating on the beam-
shape structure based on the signals produced by the sensors

Depending on the real road conditions, vehicles travetivey the WIM devices
have various technical and motion parameters. Therefdre,algorithm should be
sensitive at least to the quantities like:

vehicle axle loads values,
position of tire forces pressing the WIM structure,
velocity of vehicle.

The assumption of the linear dependence of the response @exhitation was
introduced. In general it is con rmed in the literature [4¥68], where piezoelectric
e ect is related to the linear response theory. Moreoveg thentioned assumption
can be justi ed by the fact that the deformable structure wrgioes only small (i.e.,
linear) deformations.

In the rst step, the algorithm should recognize the excitat position(x) in
terms of the length of the structure. To achieve it, the ratat Eq. C.1 based on
sensors signals amplitudés and Ar (see Fig. B.1) is used:

XO9= (Al Ar) (Al +Ar) % (C.1)
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0.6

o measured
—apoximated

0.4¢

0.2r

O,

(A-Ar)/(A+Ar)

-0.2¢

-0.4 ¢

200 300 400 500 600 700 800
Position of actuator [mm]

Figure C.1: Di erence of amplitudes of the left Al and right Ar sensors divided
by their sum as a function of the position of the actuator

which is valid, if a symmetric structure is considered. K thad is applied in the
middle of the tube, therX °= 0. If the load is applied closer to the left sensor,
then X °> 0, and if it is applied closer to the right sensor, th&P< 0. For the
laboratory structure (see Fig. B.1), the values of tK€ parameter in terms of the
load positionx take the form of an injective function as it is illustrated kig. C.1.
Hence, by means of °= f (x), the determination of the load position is feasible.
Moreover, the task is simpli ed by the observed linearitytled dependence.

Duration time of excitationT? is calculated as the average of the durations
measured by the lefT | and right Tr sensors,

TI+ Tr
T0O= ——
2

Period T?is strongly related to the vehicle velocity and its footpriite size. In
general, if the vehicle velocity is higher and its foot pristsmaller, the time
duration Tis shorter. Therefore, the determined value ot might be only used
for preliminary estimation of vehicle velocity.

Finally, in order to perform load identi cation which actsndNIM device its
calibration factorK is needed. The parametdt can be given by the following
formula,

(C.2)

Kx;TY=(AY (Al +Ar) & (C.3)

The calibration factorK combines relation between the excitation position
its duration T®and the proportion of input/output signal amplitudes. It gerally
depends on the electromechanical properties of the devithe parameterK
might be obtained via experimental test of the device or itenerical modelling.
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Figure C.2: Ratio of the excitation amplitude to the sum of the amplitudes
measured by the left and the right sensor as a function of the@uator position
and the excitation period

The experimental result obtained for the structure showrrig. B.1 are illustrated
in Fig. C.2.

The parameterK(x,T") can be obtained, for example, by means of interpo-
lating the values presented in Fig. C.2, since the positind the time period of
the excitation are known i,e. determined from measurememd by use of for-
mulas C.2 and C.3. Finally, the load intensiy a ecting the beam-shape device
might be calculated by the following formula:

A%= (Al + Ar) K(x;T9: (C.4)






Appendix D

Full size testing stand of the
beam-shape device

A full-size testing stand of beam-shape WIM device was pezhbalhe dimensions
of the spherical shaped pipe used as bending element wengthl€000 mm,
outside width 80 mm and 4 mm thickness of the wall. The pipe wgsipped
with six piezoelectric strain sensors in the form of piezcteic patches of the same
type as in the previous experiment presented in appendix B dgeneral view of
the setup is presented in Fig. D.1 a b ¢, while the piezoeledtrain sensors
distribution is shown in Fig. D.1 d.

The steel pipe was symmetrically supported at the ends. Tingpert con-
ditions and pipe dimensions were analogical as it was plandie used in later
eld tests. A pneumatic system was used to generate the atich. The piston
rod was equipped with a piezoelectric force sensor in orden¢asure force his-
tory. Three factors were taken into account in experimergaldy: in real road
conditions the vehiclegl) travel at di erent velocities,(2) have di erent weights
and (3) positions of their wheels on the lane can vary a lot. Thus, pheumatic
piston rod had to be put in various locations along the pipémyithe experiments
and various values of the excitations time and amplitudesewesed.

A valve system in the pneumatic cylinder enables the exoitatio be modi ed
by changing the pressure in the cylinder. The pressures @fr8@bar and 4 bar
were used, which were equivalents of the force values of 2200650 N and
1100 N, respectively. The rise-time of the load was modi gcchanging the valve
ow rate. As the rise-times (5 95% of the maximum load) of 218s, 328 ms and
673 ms were used in the performed test. The excitations tygedun experiments
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d.

Figure D.1: Laboratory experiment: a. overall view of the testing stand,
b. piezoelectric force sensor, c. piezoelectric strain ssors located on the bot-
tom side of the pipe d. locations of the piezoelectric strairsensors

are shown in Fig. D.2.

The measurement set up enables to perform the acquisitiageakrated signals
by means of seven transducers (piston rod force sensor amilesioelectric strain
sensors). Fig. D.3 presents an example of signals obtaoretié excitation located
20 cm from the very center of the pipe. A characteristic cleargw for the
measurement is observed (see Fig. D.3 and compare the sigiealerated by
means of the force sensor and the piezoelectric strain mgefch Drift e ect is
de ned as any undesirable change of output signal in timectvlis not a function
of measured variable [48]. This unpro table feature is @bly caused by use of
voltage ampli er in the measurement set up which is not sbiéain case of the
guasi static measurement [54].

In order to perform the calibration of the structure, the fgia rod was mounted
in various position. The fourteen locations were appliedhie range ( 60 cm,

50cm, :::, 70 cm). The numbers represents the excitation positions iatieh
to the center of the pipe.

The examples of the transfer function related to the exdiat position mea-
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Figure D.4: Transfer function (amplitude of excitation/am plitude of signals)
in terms of position of the excitation

sured by all of the sensors are illustrated in Fig. D.4. Theival axis represents
the ratio between the amplitude of the signal from the pidea#ic strain sensor
and the amplitude of excitation.

The linear dependence between the excitation amplitude sartsors response
was observed since the other tested parameters i.e., diaitgosition and load
rise time were constant. The results are illustrated in Fg5.

The sensitivity analysis between the amplitude of the extmn (all three vari-
ants of the excitation amplitude) on the value of the signgenerated by means
of piezoelectric patches was carried out. For the analyzagitation, the linearity
was observed, and the example results are presented in Fég. D

The sensitivity analysis of the time-rise of the excitatinas performed for
all three tested cases (216 ms, 328 ms, 673 ms) for the samditaichp of the
excitation. The increase of the measured responses waswalisas the rise-time
increased. It was caused rather by the behavior of the measent equipment
(mentioned charge ow, see Fig. D.3) then the mechanical dngbr of the system.
The measurements results obtained by means of the sensoe 4rasented in
Fig. D.7.
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Appendix E

Modal analysis of FE models

The modal analysis of the considered WIM devices (i.e., bshape and plate-
shape) has been conducted. The natural frequencies and tidershapes of these
structures have been analyzed in order to nd out their dymauproperties. This
was needed due to the fact that the structural response is gtrengest in case
of the excitation frequency close to the natural frequentis, the analysis was
useful for the prediction of vibration responses to a giveaitation.

The modal analysis were performed by using the FE modelseo$tiftuctures.
Obtained modes numbers, natural vibration frequenciesrandes types are shown
in Table E.1 for beam-shape structure and Table E.2 for pktiape structure.
Only the lowest frequencies were taken into consideratiecaise they are probably
the most prominent modes at which the structure will vibrate

Table E.1: Free vibration of the beam-shape WIM structure

Mode No. | Natural frequency Hz Mode type
I 1145 rst torsional-bending mode
I 131.3 rst bending mode
" 222.1 second torsional-bending modg
v 335.5 third torsional-bending mode
\% 347.4 second bending mode

Visualizations of some of the modal shapes are presente@ireFL for beam-
shape device and Fig. E.2 for plate-shape device.

The modal analysis enables to nd out that the rst naturalefquency, in case
of plate-shape device, is almost one order of magnitudedrighan in case of
beam-shape device. As a consequence, periods of the ret\iteration modes
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C.

Figure E.1. Modal shapes of the beam-shape structure: a. med, b. mode I,
c. mode V
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C.

Figure E.2: Modal shapes of the plate-shape structure: a. nue |, b. mode I,
c. mode Il
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Table E.2: Free vibration of the plate-shape WIM structure

Mode No. | Natural frequency [HZ] Mode type
I 845.8 rst bending mode
I 847.1 second bending mods
" 855.9 third bending mode
v 869.6 fourth bending mode
\% 889.2 fth bending mode

are approximately 1.2 ms (plate-shape) and 8.7 ms (beanpshalf the excitation
has a similar periods, a strong structural response can peagd.

The structures are characterized by the width 8 cm (beamp&)aand 28 cm
(plate-shape). Let's considered the tire footprint lengtth 25 cm. Hence, the
velocities of the traveling excitation caused by the tirdsaovehicle, the tire-
device contact time correspond to the rst mode periods aomsequently equal:
135 km/h (beam-shape) and 1500 km/h (plate-shape). As a @ngence, the
beam-shape device is much more susceptible to strong stralctesponse and
unpro table vibrations than in case of plate-shapedevice.



Appendix F

The restitution coe cient
discussion

In the classical impact theory, one of the basic parameteappsed originally by

Newton is the restitution coe cientk. It can be formulated on the basis the
proportion of the relative velocities of the two collidingid bodies(M 1; M) like

it is shown by Eq. F.1. It can be noticed that in case of in-laedlisions the actual

values of velocities should be used in equation. But if thpaat is oblique, then

the velocity vector perpendicular to the plane of impact gldobe applied. The

rst case was analysed in the research.

02 02
Vl V2

k= VYA

(F.1)
where:

V0 and V- represent pre and post impact velocities for object 1,

V0 and V,2?- represent pre and post impact velocities for object 2.

In general the coe cient of restitution has values in the @ga0<k<1. Border
case of elastic impact is identi ed witkk=1, plastic impactk=0. Practically
the intermediate cases are observed. According to the maigassumptions, the
coe cient of restitution was considered as a material coast independent of the
impact properties. Later it was proved that this presumptiwas incorrect [169].
One of the quantity a ecting the value of the restitution caéent is the relative
velocity of the colliding bodies in impact instant.

The type of the impact observed in case of analyzed systerCkiapter 4 see
Fig. 4.3 and 4.4 ) was characterized by the coe cient of réstion. Calculations
were performed for the wide variety of impact scenarios ggaréd on the drop
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Figure F.1: Restitution coe cient in terms of the impact par ameters:
(left) mass and velocity e ect; (right) velocity e ect

testing stand for the impact cases when the rebounds werergbsg. Atmospheric
initial pressure case was analysed. The rst rebounds inaichjprocess was used
for analysis. Experimental values of a restitution coemis are presented in
Fig. F.1 as a function of used boundary condition.

For the whole variety of the tested impacts scenarios, ait@sbn coe cients
values stayed within the range 0.70 0.95 and showed poosisigity to the value
of the impacting mass. The e ect of the velocity was more s$iggmt. The impact
velocities higher than 1.5 m/s correspond to lower valueshef restitution coef-
cient. Literature data [160, 153, 170] con rm the negativeorrelation between
the restitution coe cient and impact velocities. Genengllit might be conclude
that, the type of impact observed at the very beginning of fhecess, is rather
elastic than plastic one.



Appendix G

Real-time impact mass
Identl cation methods

Chapter 4 of this thesis analyzed the case when identi catfwocess did not
utilize the measurements from the sensor located on the @tipg object. In this
appendix di erent case is taken in to consideration.

G.0.3 Mass identi cation based on force and acceleration

Let's consider the structure impacted by a falling mass, (see Fig. G.1). Equa-
tion of motion for the free falling mass during the impact &askthe following form:

FC = Mlg M]_U]_I (Gl)
Hence, the mass of the falling body can be determined on trsishaf equation

Fc

Mi= :
1gl!ll

(G.2)

where:

Fc- is a contact force,

el;- falling mass acceleration.

The proposed equation is ful lled from the very beginningtloé impact pro-
cess. Therefore, the real-time mass identi cation is febesiif measurements from
two sensors (i.e., accelerometer and contact force serm@r )available.
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a. b.

Figure G.1: Force-acceleration approach: a. schema of strture and falling
mass; b. signals measured during contact of falling mass witstructure
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Figure G.2: Examples of measured signals in the rst impulsgphase A of
impact): (left) falling mass acceleration, (middle) piston rod acceleration,
(right) force.

Veri cation

The veri cation was conducted by use of the drop testing stariThe objective

was to minimize the impact identi cation time towards the aletime condition.

Equation G.2 and in addition the force and acceleration sengneasurements
were used. Mass identi cation was tested in two cases, with ficcelerometer
attached to: (i) the falling body, and (ii) the piston rod. Brples of accelerations
measured in these two locations are shown in Fig. G.2, aloitly the measured

force. Figure shows the very rst impulse due to the rst caot between the

falling mass and the piston rod (beginning of the ph#8é of the impact see

Fig.4.5).
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Figure G.3: Mass identi cation in the rst phase of the impact (force and
acceleration approach). Acceleration measured on: (leftpiston rod of the
pneumatic absorber; (right) falling mass

The procedure was tested for di erent impacting masses. $&moresults of
identi cation in the rst phase of impact are presented ing-iG.3. The identi ed
falling massM; (Fig. G.3 (right)) and piston rod mass (Fig. G.3 (left)) shew
a very instable behavior. This is mainly due to the intrinfgiature of accelerom-
eters, which are very sensitive to external factors like, @igpro table vibrations
of the testing stand caused by the impact. The graph showsperary values
of the identi ed mass, the mean value in the considered timierval, and the
accurate value of the falling mass. If accelerations of tls¢om rod are measured,
Fig. G.3 (left), the identi ed mass value is almost indepent of the actual falling
mass and its velocity. This behavior turned out to be typifial the rst impact
phase, which is characterized by several rebounds betweepiston rod and the
falling mass. In fact, when the accelerations are measurethe piston rod, only
the mass of the piston rod can be estimated in the rst impabiage. More prac-
tical results were obtained when the deceleration of thiniglbody was measured,
see Fig. G.3 (right). A reliable mass value 0% accuracy) could be computed
already after 5 ms from the very beginning of the impact.

The mass identi cation based on Eg. G.2 has been also tesiddtive signals
measured in the second phad®) of the impact. Examples of measurements are
shown in Fig. G.4, notice the di erent time scale than in Fi@.3. A common
joint movement of the piston rod and the falling mass occuhick is con rmed
by similarity of the accelerations measured on the pistod amd on the falling
mass. The results of the mass identi cation are presentedrig. G.5. In the
second impact phase, the mass identi cation is feasible #redlocation of the
accelerometer does not have any crucial importance. Theegabbtained for both
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Figure G.4: Examples of measured signals in the second impaphase:
(left) falling mass acceleration, (middle) piston rod accéeration, (right) con-
tact force

locations are relatively similar, however slightly morabt results were obtained
for the accelerometer mounted on the falling mass. The aacyrwas approx.
5%.

G.0.4 Mass identi cation based on impulse and momentum chan ge

The results obtained by means of Eq. G.2 were not very stab&,uctuation of
the mass value was observed. It was caused by the unpro takl@surement noise
especially visible in case of the acceleration measuresnédiotminimize this e ect
the procedure was slightly modi ed. The mass identi catipnocedure presented
in this section was proposed on the basis of the well knowmessjon of impulse
Pc. Let t% andt? denote the pre-impact and post-impact time instants. If the
impacting body maintains a constant makk;, then Eqg. G.3 is ful lled.

Zoz
PC =

100

Fe(t)dt= My V20 v02 (G.3)

The velocity change of the impacted bodyv; might be obtained on the basis
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Figure G.5: Mass identi cation in the second phase of the impct (force and
acceleration approach). Acceleration measured on: (leffpiston rod of the gas
spring; (right) falling mass

of the integration of impacting body acceleration. The dwling relation might be
applied

202
Vvi= VP2 vP0= wy(t)dt: (G.4)
t00

Thus, the value of the impacting ma$4, can be determined by use of

®
Fc(t)dt
My=2 G5
1= % (G.5)
CHQ)
t00

The parameters used in Eq. G.3 G.4 G.5, were illustrated ¢n 6.6. The
graph presents the measurements of the impact force andlaet®n of the
falling mass. The result corresponds to the rst phase of timpact process. The
free fall was considered. Hence, the velocity chandd determined by Eq. G.4
must be corrected by the acceleration of gravity.

Veri cation

The objective of the presented method was to minimize the sniaenti cation
uncertainty with ful lled real-time condition. The methobdased on the Eq. G.5
was tested for the wide variety of the impact parameters dminby mass and
velocity. The obtained results are illustrated in the Fig7@. The identi cation
precision for used boundary condition in most of the cases bvedtter than 10%.
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The average impact mass identi cation precision for eachstant value of mass
with respect to the velocities variants is shown in Fig. G.71b general, more
correct result were obtained for the higher mass values.

It is worth to mention that for proposed procedure it is notaessary to perform
the calculation for the time intervalt?° to t%2) because Eq. G.5 is also ful lled for
di erent intervals. Satis ed results were obtained for @wal ¢°° to t°1) where
t% is the time instant when the maximum contact force is obsdrve

The method enables to real-time impacted object mass ideation with
acceptable precision. Nevertheless, the most serioutatiom of it, is necessity to
conduct the measurement when at least one of the sensorseid tg the impacted
object to be identi ed.



Appendix H

Sensitivity analysis of
"Peak-to-peak"” approach

This section is devoted to sensitivity analysis of the "Péalpeak” approach
presented in section 4.6. The analysis were conducted obadlés of the numerical
results obtained using the model presented in section 4ditha elastic model of
contact force. The objective is to nd the sensitivity of threethod of unpro table
disturbances.This will lead to nd the parameters of the aljgtion system suitable
from identi cation precision point of view.

The methodology is based on Eg. H.1. It was found out that idesrto obtain
the reliable results, the characteristic time instartf® and t1! (see Fig. 4.14 a)
must be determined with high precision. Hence, this timesimals were chosen
for analysis and the following equation was used

R
Fc (t)dt

Ma(t e = : (H.1)
bp(t) g dt

t01

Lets introduce the symbols:

R
VvV = yol yil- Blz(t) g dt (V01)0: q01 : (V11)0: a_11;

t01
R
P= Fc(t)dt

to1
In order to perform the sensitivity analysis, the conditimmbersK o; andK 13
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were introduced and de ned by Eg. H.2 and Eq. H.3

1 @M 1  Fcox P(Vo1)° 1 o1 Fco1
K= — =M = = = a0l TS o
T M, @ T M, V2 Vv M, - (2
1 1 Feu+ P(VIDO 1 F
Ky = @M _ c11 V)" _ glty Feu . (H.3)

M; @ M1 V2 \Y M,

Finally, the sensitivity of the method is de ne by means oé tbondition humber
Kn determined by the q

Analysis

Analysis objective was to nd out the in uence of the absdrpt system parameters
on the mass identi cation precision. Three parameters hheen considered:

M, the mass of the absorber piston rod,
Po the initial pressure inside the absorber cylinder,
k stiness of the contact element (i.e., rubber bumper see §i 4.3).

Thus, for the chosen impact scenario de ned by initial cdiwdi (i.e., impacted
massM 1 = 30 kg andV; = 2.5 m/s) the parameters of the absorption system has
been modi ed. Respectivelyl, = 0.5 5 kg, the pressur®; =0 1000 kPa
(0 correspond to the atmospheric one), and stindsss 1 11 10° N/m. The
sensitivity has been de ned by the condition numitey determined by Eq. H.4.
The obtained results are shown in Fig. H.1.

On their basis it was found that the mentioned factors are ortpnt if the
identi cation precision is taken in to account. In generdlmight be concluded
that for precise impact mass estimation the following caiodi should be ful lled:

the mass of the absorber piston rod should be signi cant,
the initial pressure inside the absorber cylinder shouldhigh,

the sti ness of the contact element should be low.
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