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MEASURING SYSTEM TO MONITOR DEFORMATION OF LARGE SIZE
STRUCTURE MEMBERS

Levterov A. 1., Storchak M. O., KNAHU

Abstract. The methodology and the bridge structure deformation measuring system, containing
optical scanning systems, laser radiation photodetectors that are used as strain gauges and analog-
digital converters «linear displacements — time — codey for digitization and further use in an
automated system for monitoring the bridge structure deformation, are proposed.
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Introduction

Modern long length bridges can bear huge
loads and strain partly because of their capacity
to be slightly deformed wunder external
conditions. The most considerable external
factors that bring about the deformation of a
bridge structure are the changes of external
conditions such as daily air temperature, direct
sunrays, wind force and direction, precipitation,
wave motion, seismic shocks and traffic
(intensity, weight and speed on a bridge). Even
the most developed countries face problems in
terms of bridges. For instance, in 2005 the
Federal Highway Administration (FHWA) of
the U.S. Department of Transportation
established that about 15 % of 595000 American
bridges do not meet design standards. In Europe
about 10 % of bridge structures have defects and
discrepancies between projects and bridges. All
over the world about 250000 bridges in
operation need inspection, repair, monitoring
and control [1].

Literature review

It is necessary to periodically monitor the
bridge structure making the set of the geodetic
measurement of its parameters to forecast the
state of a bridge structure in order to be warned
in advance about the tendencies of the changes
of structure geometric parameters. However, in
a critical situation the measurement does not
enable us to get updated information and it does
not contain enough information to calculate the
real current dynamic characteristics of a
structure to compare with design parameters.
Therefore, at present, the task of topical interest
is to develop a currently operating system that
can collect, systematize, store, analyse,
transform, display and disseminate the spatial

coordinate data of a structure elements, which
are monitored, during operation. In addition, the
monitoring of such structures as bridges, having
piers as high as some hundreds metres, has to be
performed during construction. The monitoring
of piers has to be performed before the project is
implemented as the structure starts reacting to
loads due to the changes of temperature, wind
and increasing own weight per se during
construction. It, in turn, can cause both the
spatial deformation of the structure and the
deviation from the project [1].

During the construction of bridges it is
necessary to carry out periodical and permanent
monitoring. However, as the construction
process is coming to its completion, the
permanent monitoring will grow in significance.
The monitoring of a bridge state has to be fully
performed during the construction as well as
maintenance of bridge.

The use of the automated system of
deformation monitoring (ASDM) for a bridge
enables us to efficiently monitor the state of a
bridge structure, its displacement and deflection
that come into existence as a result of external
natural and climatic factors as well as intensive
traffic [1].

The indisputable advantages of the ASDM
over the traditional methods of deformation
monitoring are as follows:

* measuring of deformation values and their
permanent comparison with permissible (design)
deformation values in real time;

* possibility to monitor objects 24 hours, 365
days with specified resolution;

* high precision and uniformity of measuring,
operator’s error elimination;

sremote control of the ASDM. Automatic data
collection, the preliminary analysis of the
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information and sending it to any terminal using
the Internet or other communication channels
are carried out;

*the ASDM can be designed in such a way that,
when critical values or dangerous tendencies
(speeding up) of deformation processes are
detected in an object, an alert with automatic
notification of authorities is triggered using
communication links to make an urgent
decision, avoid accidents and save people.

The automated system of deformation
monitoring allows us to measure non-stop the
deformations (displacements) of object structure
elements. Digital monitoring sensors help us
detect object deformations if they are beyond
standards. It guarantees pinpoint accuracy in real
time using the appropriate specification and
configuration of the ASDM. The results of
measurement from various gauges provide
information about the conditions of object
operation and their impact on geometric stability
and durability of objects. So, the ASDM enables
us to analyse deformations and model the
forecast of an object behaviour in general and its
structural components in particular [2].

To control and forecast the state of a bridge
structure with the ASDM, optical methods to
measure deformation are widely spread. Due to
various optical systems, practically all images,
starting with medical papers on a cell level, the
pictures of the surface of nuclear reactor fuel
elements and ending with cartographic data and
the measurements of the deformation of various
length objects, have high precision and
clearness. Then the images are digitized with the
help of analog-digital converters (ADC) and
enter a computer to be further processed and
stored or used by the ASDM, an automatic
control system to control a technological process
etc. To convert measured information about
object parameters into digital form, the analog-

digital converters “analog — time — code”,
“analog — frequency — code” and “analog —
phase — code” are used. An analog-digital

converter engineering approach to convert
information came into existence in the 70s—80s
of last century [3].
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Fig.1. Functional scheme of ADC

The ADC receives the input analog signal
x(¢) that, having passed through a sampler, is
converted into the sequence of samples x(;7,) .

A quantizer converts the sequence of samples
into the sequence of codes N,(;j7,) where the

index i corresponds to the i-th level.

At present the ADC continues developing
and improving in terms of operation speed,
noise immunity, precision and
microminiaturization [4]. For example, in a
device to measure deformation, a multielement
photodetector, which is designed as a matrix,
detects the quantity and direction of
deformation. If a narrow-beam light pulse
simultaneously comes to several photocells of a
multielement  photodetector, deformation
distance and direction are calculated as
arithmetical mean value of the quantity of all
lighted photocells [5].

Geometric scanning systems, similar to that
described in [6], can form the basis for the
measurement of the deformation of long length
objects.
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Fig. 2. Geometric scanning system

In a geometric scanning system (Fig. 2, a),
the parameter, which is scanned, is an angle x(z)
that determines the location of object 1 on a
circular trajectory. The scanned element 2,
which is in the centre of a circle, is a prism or
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mirror. They are located on an engine shaft at an
angle of 45° with a laser beam. During uniform
rotation with angular velocity = const
element 2 periodically meets zero sign 0 and
object 1 at angles s =0 and s=x. At the same
time the zero control H of on-off action
generates pulses j, and i_that on a geometric or

temporal scale correspond to instant angles s,

and s,.. These pulses can be transmitted at

distance or used at the spot to monitor and
control [5].

The process of scanning in Fig. 2, b has a
sawtooth function s=w-¢ over a period of
T=2-n/w and current time ¢=s/w. The

diagram shows three angular positions x;, X,
and x; that correspond to the points of time £,
t, and f;, the meeting of elements and the

generating of pulses i, . Time is calculated from the
beginning of each cycle [5].

These systems are the basis to design some
equipment that contain » sequentially allocated
strain gauges, which are rigidly fixed on a
structure in deformation; each of them has a
semi-reflecting mirror, cross mark, light source,
light receiver, focusing unit and scanning light
unit that are located sequentially along an
optical axis between a light receiver and semi-
reflecting mirrors. At the same time, n light
sources and n cross marks are also located along
the optical axis of each gauge that is
perpendicular to a main optical axis between a
semi-reflecting mirror and a light source. In
addition, the gauge has a detector and a
switching unit whose input is linked to a light
receiver and outputs are linked to a focusing
unit, # light sources and a detector that contains
a measuring circuit and a computing unit [7, 8].

Aim and problem statement

The aim of this paper is to determine the
most effective methods and a measuring system
to monitor the deformation of large size
structure elements. In order to technically
perform this task, it is necessary to design a
measuring system that guarantees the
monitoring of bridge structure deformation
parameters when using the ASDM.

Design of measuring system
As part of the ASDM, the measuring system
of bridge structure deformation, which consists
of a laser, optical collimator, unit of laser beam
sweep, #n photodetectors, switching unit,
converter “linear displacements — time — code”

and detector, is proposed. All n photodetectors
are n sequentially located strain gauges that are
horizontally positioned on supports at an equal
distance from one another along a structure and
rigidly fixed on the structure in deformation.
They can be, for instance, electric poles to light
a road on a bridge (Fig. 3) or special supports,
which are in Fig. 4.

Fig. 3. Electric lighting of roadway on the
bridge

Fig. 4. Special supports to fix strain gauges-
photodetectors

The output of every n photodetector is
connected to the inputs of a switching unit and
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its output — to the input of the converter “linear
displacement — time — code”, which output is
connected with the input of a recorder; every
consecutive photodetector, which is fixed to a
pole, is located at a certain equal distance from
one another vertically, and the first and n-th
photodetectors, laser, optical collimator and a
unit of laser beam sweep are located beyond the
bounds of the structure in deformation.

The system operates as follows. To measure
the deformation of a large size structure, n
photodetectors 3, ..., 3, are used. They are n
consecutively located strain gauges, which are
fixed to supports 2, ..., 2, that are at a certain
equal distance d from one another horizontally
along structure 1 and rigidly fixed to the
structure (Fig. 5). The first and n-th
photodetectors are located beyond the bounds of
the structure. In addition, laser 4, optical
collimator 5 and a unit 6 of laser beam sweep 7
are located beyond the bounds of the structure.
The gauge uses a laser that continuously radiates
a beam of a certain wavelength. The optical
collimator, which consists of a lens, which has
the output of a laser beam in its focal plane, is
located in series with the laser. Optical
collimator 5 guarantees a parallel laser beam and
due to practically zero divergence all the energy
of a laser beam is focused on the sensitive
surface of each photodetector, which is made of
a special material that creates no obstacle for a
laser beam.

The n photodetectors contain a photodiode or
photoelectric multiplier. A sensitive surface and
an optical filter, which let the beam of a certain
wavelength pass, are positioned before a

photoelectric multiplier. All the elements of a
photodetector are in a hermetic container. The
unit 6 of laser beam sweep, for example, is a
motor which shaft houses a mirror or a prism
having a mirror face, which are located at an
angle of 45° with a laser beam, or a rotary
optical wedge due to which a laser beam sweeps
in the vertical plane.

The optical signal, which sweeps, from a unit
6 of laser beam sweep sequentially passes the
sensitive surface of every 3,, ..., 3, photo-
detector of a certain length / (Fig. 5, Fig. 6).

An electric signal from a photodiode or
photoelectric multiplier goes to the electric
signal amplifier of a photodetector and after
amplification it goes to a switching unit 8. The
time span of an electric pulse coming from the
output of a photodetector is determined by the
beam transmission rate along the sensitive
surface of a photodetector. The rate will, in turn,
be determined by both the angular velocity & of
the motor of a sweep unit and the distance R
between a sweep unit and a photodetector (Fig.
5, Fig. 6).

So the time span of pulses from a
photodetector will vary; it will be increasing
when a photodetector is approaching a sweep
unit (Fig. 7 a, b)

T =—, (1)

where @ = 2-7f'is the angular velocity of motor
rotations; R, is the distance between the sweep
unit of a laser beam and the first photodetector.

Ra

2 1 22 2i

Fig. 5. General view of device and position of photodetectors on a structure without deformation
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Fig. 6. General view of device and position of photodetectors on a structure with deformation
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Fig. 7. Time chart of device operation without structure deformation (a) and with structure

deformation (b)

Then for the i of the photodetector, the pulse
time span will be

2)

wherei=1...n.

The distance / between photodetectors is the
same in the vertical plan (Fig. 5), the distance
(pause) between electrical pulses will be
increasing as photodetectors are approaching a
sweep unit (Fig. 7, a).
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where 7 is the distance between the electrical

pulses of two photodetectors; / — the distance
(pause) between photodetectors; i = 1...n-1.

As the first 3, photodetector is beyond the
structure in deformation, the calculation of
deformation A/; is made relative to the first
photodetector (Fig. 7, a). So

+1 h+1
L="1+1 > L=h+ , 4)
1 2
h+1 h+1
ll :tl—] +_’ ln—] ztn—2 +
0 oR

If the structure is deformed (dotted line 11 in
Fig. 6), the wvertical distance between
photodetectors will change from /; to I
respectively (Fig. 6). So the time span of pulses
will be similar to the structure before
deformation (Fig. 5) but the time span between
pulses and the period of pulse-passing time will
change respectively and depend on A/;

AL=1-1, (5)

where Al; — deformation value; i = 1... n-1.

Analogous (4) calculation t,/ , té, e

1

/
n—l1

t iIs made for a deformed structure too

(Fig. 7, b).
Then
t.
l—} =7 (6)
therefore
W,
= Ly 7
f;

Then, taking into consideration (5), equation
(7) has a form

4
l+A4=%i. (8)
Therefore

Al

1

)

_ L=y (-t
t t ’

1 1

but At =t/ —t, (Fig. 5,b).

So equation (9) has a form
Al =2 (10)

Signals from photodetectors 3;, ..., 3,
through switching unit 8 go to converter 9 ADC
“linear displacement — time — code”, then they
go to recorder 10 after having been converted

and calculated. The calculation of # and # in

equation (9) is made using either the traditional
method, for instance, of the filling of the
intervals between two rising edges of the pulses
of two corresponding photodetectors with the
pulses of a stable frequency clock generator or
the nonius method wusing a shock-excited
oscillator, which are in converter 9, and / is
known beforehand.

Conclusions

The deformation measuring system can be
used in the ASDM of bridge structures and other
members of large size structures. It enables us to
efficiently monitor their state, displacement and
bend that come into existence as the result of
external natural climatic impacts as well as
intensive traffic.
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Anomauia. bnuzvxo 250000 mocmis, wo 3Haxo-
0smbCsl 8 ekcnayamayii 'y ceimi, sumazaroms 00-
CMedIceHHsl | peMOHMY, MOHUMOPUHZY MA KOHMPOTIO
cmany KOHCmpyKyii. 306HiwHi yMosu, maxi sk 0060-
64 3MIHA MeMnepamypu, 3MiHA CUIU I HANPAMKY 6i-
mpy, KiIbKicmb onaodis, ceucmiuni nowmosxu i mpa-
HCHOpmMHe HABAHMAJdICEHHS  (KilbKicmb, 6aza i
WBUOKICb PYXY A8MOMPAHCIIOPNTY, WO 3HAXOOUMb-
cs Ha Mocmy), € HaAubiIbul 8a2oMuMu GaKkmopamu,
KL 8NAUAIOMb HA Oeghopmayii Mocmogoi cnopyou.
Memoio yiei cmammi € susHauenuss HallOiIbUL egpex-
MUBHUX Memooie ma GUMIPIOBANbHOI cucmemu Osl
MOHImMOpUH2y Oeopmayitl eremenmie KOHCMpYKyil
enUKUX posmipis. Jlns mexHiynoi peanizayii yiei
3adaui mpeba po3poodumu GUMIPIOSANILHY CUCMEMY),
sAKa 3abe3neyums KOHMPOIb napamempie degopma-
Yii MOCMOBUX KOHCMPYKYIL ¥ CKIA0i a8momamu3o-
sanoi cucmemu mouimopunzy oegopmayin (ACHM).
3acmocyeannsi eumiproganvhoi cucmemu, 00 CKIAdy
SKOI 6X00AMb 8Y30]1 PO32OPMKU 1A3EPHO20 NPOMEHS
ma ananoeo-yugposi nepemeoprosaui (A1), 0o360-
ase  6ci  eumipu Oeghopmayiii 00 ’€kmie  pisHOT
npomsiicrnocmi oyugpposyeamu ALl «ninitini nepe-
MIWEHHI—YAC—K00», NICISI 4020 Nepemeopera iHgpo-
pmayis Haoxooums y KOMmn'romep 01 NOOAIbulol
00pobru ma 30epicanns, abo Ol GUKOPUCMAHHS 6
ACY TII, ACIIM ma in. 3acmocysanns AC/IM o0o-
360UMb ONEPATUEHO KOHMPOMO8AMU CMAH MOCMO-
8UX KOHCMPYKYIU, NPO2UHU, WO SUHUKAIOMb V pe-
3yImami 6NJUGY 308HIUHIX NPUPOOHO-KIIEMAMUYHUX
8NUGI6, A MAKONC IHMEHCUBHO20 MPAHCHOPMHOZ0
Hasanmasicenns. Pospobnena memoouka ma eumi-
prosaibHa cucmema oegpopmayii MOCmMoSUx cnopyo
y cknaoi ACHAM, wo micmumo nazep, onmudHuil Ko-
aimamop, omonpuiimadi, 8301 pO320pMKU Jd3ep-
HO20 npomeHlo, ONOK Komymayii, nepemeoproeay
«IHIUHI nepeMiujenHs: — uac — KoO» ma peecmpa-
mMop, NPuU4oOMy 6Ci pomonpuiimayi s61s0ms co6010
1 NOCTIO0BHO PO3MAUOBAHUX OAMHUUKIe dedhopmayii,
SIKI 3HAXO0O0SIMbCS HA ONOPAX, PO3MAULOBAHUX HA Oe-
SAKIT nesHill PieHIll 6i0CcMaHi 00uH 6i0 00HO20 NO 20-
PUBOHMAIE RO 6CIU O08ICUHI KOHCMPYKYILL, HCOPCMKO
3aKpINIeHUx Ha KOHCMPYKYii, wo Oepopmyembcs,
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nepwuil i n-ii pomonpuiimay, naszep, ONMUYHUL KO-
JAIMamop i 8y3071 pO320pMKU 1A3EPHO20 NPOMEHSL BU-
HeceHi 3a Medici KOHCMPYKYIl, o Oeghopmyemocs.
Ilodibna memoduxa ma 3anpPonoHO8AHA Ccucmemd
BUMIpY Oehopmayitl KOHCMPYKYILL SeIUKUX PO3MIDIG
npononyemucsi enepute. Pospobnena eumiprosanvha
cucmema Oegopmayiti Modxce Oymu 3aCmocosand 6
ACIIM mocmosux KoHCMpYKyill, THUUX eleMeHmi8
KOHCMPYKYIl 6eIUKUX PO3MIDI6.

Knrouoei cnoea: nazep, 8yzon pozeopmxu nazep-
HO20 NpOMEHs, (DOMONpUMay, aHaAI020-YUPPosuULl
nepemeopiosad.

Annomayusn. Ilpeonosicena memoouxa u usme-
pumenvHas cucmema oeQopmayuii MOCMoGblX KOHC-
MPYKYUil ¢ npuUMeHeHUeM ONMUYEeCKUX pa3eepmbled-
owWux  cucmem,  (DOMONPUEMHUKOS — TA3EPHOO
U3IyueHus, UCNHOIbL3YeMbIX 6 Kayecmee Oamuukos
Odepopmayuil u anano2o-yupposwvix npeobpasosame-
Jetl  «IuHeliHble  nepemeweHus—epemMa—Kko0y 0
oyughposku u OanbHelue20 UCHONb308AHUS 6 A8MO-
MAmu3upoBaAnHoL cucmeme MOHUMOpUH2a Oe@op-
Mayuti MOCMOGbIX KOHCMPYKYUUL.

Knrwouesvle cnosa: nazep, y3en pazeepmu iazep-
HO20 Jy4d, pomonpuemMHux, aHaio2o-yu@posoll npe-
obpazosamenns.




