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Measurement system of “crash-test” experiments

J. GRONOSTAIJSKI, Z. GRONOSTAIJSKI, A. NIECHAJOWICZ, S. POLAK,
M. STRUS, A. TOBOTA, P. WIEWIORSKI, P. ZAJAC
Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

In the paper, the measurement system of “crash-test” experiments was presented. The prototype sys-
tem based on two laser transmitters (red light) with special detectors with electronic system was used as
the sensor. The system became an option of much more expensive accelerometers. The advantage of the
method presented is its simplicity as well as the possibility of high acceleration recording due to contact-
less measuring method. Drop hammer software making it possible to observe results right after testing
was used. This enables real time correction of an experiment leading to the best solutions. The method
developed was used for testing the energy absorption by the car body elements, depending on their ge-
ometry as well as filling.

Keywords: measuring system, crash-test, laser, energy absorption

1. Introduction

The main goal of passive safety is to minimize a threat to life or health of persons
involved in a road accident. The passengers having the accident are first of all in the
danger of overloads resulting from the energy conservation law. A decrease of over-
loads is obtained by such vehicle design that enables an appropriate absorption and
dissipation of collision energy [1]. This aim is achieved due to the so-called deforma-
tion zones being made from the elements of different energy absorption characteris-
tics. Such a diversity may be created by the use of the elements of different stiffness
absorbing collision energy [1, 2].

At the Engineering Forming Department at Wroctaw University of Technology re-
search into the effect of specimens crushing in “crash-test” type experiments has been
carried out for several years [3, 4, 5]. Special emphasis was given to testing and ana-
lyzing the energy absorption by elements of different construction and profiles. The
specimens tested represented the elements of stringers and strengthening parts of vehi-
cles that have been produced all over the world. One- and multilayer, empty or filled
with plastics of different density specimens were used for the tests. Based on the
analysis of specimens behaviour while straining, the energy absorbed by the elements
tested was assessed [4].

For dynamic testing the modern test stand that makes it possible to record and
process data in a very short time is necessary. In the computer-aided system, such
a type of tests that allow us to design new constructions improving the safety of vehi-
cles are presented [5].
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2. The test stand

The main parts of the test stand (Figure 1) are as follows:

¢ automated drop hammer with a ram of a weight ranging from 58.5 kg to 206 kg,
depending on the number of bobs,

e computerized data recording system [6] connected with appropriate sensors and
devices recording signal during sample deformation,

e software visualizing the tests results obtained.

12

7
1D
- 8

4a \9/

13

Fig. 1. The test stand scheme: 1 — data acquisition system, 2 — manual control of the ram displacement,
2a — ram release, 2b — ram position setting, 3 — specimen, 4 — ram, 4a — hammer bobs,
5 —anvil, 6 — electromagnet, 7 — limit switch, 8 — electric motor, 9 — rolling bearings,
10 — laser transmitter, 11 — exalted receiver, 12 — rate generator, 13 — piezoelectric sensor,
14 — piezoelectric sensor amplifier, 15 — distance release sensor

The ram was dropped from a height of 1.95 m, which was the distance from the
working surface of the ram (4) to the upper surface of the specimen (5). The speci-
mens (3) of the height equal to 200 mm were placed on the anvil. The ram (4) was
raised by driving system (8) until it came into contact with limit switch (7). Using ram
release (2) the electromagnet (6) was switched on and the ram-holding jaws were
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opened releasing the ram. In order to diminish the friction force between rolls guiding
and rolling bearing (9) that could decrease the ram velocity, the guide poles were lu-
bricant coated. At a proper height the distance release sensor (15) sends a signal to the
data acquisition system.

The system was recording data from: rate generator (12), piezoelectric acceler-
ometer (13, 14) and optical detector (10, 11). The samples were deformed very
quickly, therefore sensor and measuring system had to satisfy very stringent require-
ments.

Comparing a behaviour and energy absorption of each sample the usability of dif-
ferent geometry and technical characteristics of the real elements in car body con-
struction was determined.

The aim of the experiment was to record and determine the parameters describing
the specimen deformation process. Basic parameters of the process were as follows:

o displacement measured from the moment when the ram touched the specimen
until the end of the motion — s();

e correlation between ram velocity and the time of the specimen deformation —
v(D);

e correlation between ram velocity and the displacement of specimen deformation
—W(s);

e correlation between ram acceleration and the time of specimen deformation —
a(?);

e correlation between ram acceleration and the displacement of specimen deforma-
tion — a(s);

e correlation between kinetic energy of ram and the time of specimen deformation
— E();

e correlation between kinetic energy of ram and the rate of specimen deformation —
E(s);

e correlation between impact force of ram and the time specimen deformation —
F(1);

e correlation between impact force of ram and the rate of specimen deformation —
F(s).

2.1. Measuring system

To record the parameters of ram motion, when crashing the specimen, appropriate
sensors and measuring techniques were used. We adopted three independent measur-
ing systems which consisted of:

o The rate generator that enabled measurement of the ram velocity.

e The accelerometer that measured the ram acceleration from the moment of speci-
men deformation. Accelerometer was equipped with “piezo”-type sensor and piezo-
electric sensor amplifier from PCB company. The signal from that sensor represented
instantaneous value of acceleration. The data obtained were additionally filtered.
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o Optical detector [7] that consisted of two laser transmitters operating at the wave-
length of 630 nm (red beam), optical matrix with gaps and striae put on alternately and
measuring device for laser signals recording.

Optical detector was designed by the team involved in the research presented. In
Figure 2, the measuring system that was used for evaluating the ram motion
parameters is depicted. Its most important part was data-processing card E1364 from
National Instruments Company of processing speed of Sus (200 kHz).

start distance !
h e L —t———=——-

release

| relase
trigger sensor trajectory ! measurement
A of the ram
T rate generator
3 LT
National Instruments the ram optical
Software la@—p| Data acquisition system 2 <] accelerometer pattern
"Drop Hammer" )
8 channel 16 bit ADC nr i
e e 35 0T T e
_ru—| receiver )
0| 630nm = [ ] transmitter
probe
laser beam

Fig. 2. The system used for measuring the ram motion parameters

The following devices were connected to the data processing card: rate generator,
accelerometer, optical detector and distance release sensor as trigger.

The system of data processing actuated recording when high state appeared. This
happened when falling ram was close to the distance-release sensor. Special program,
in which such parameters as recording time, the number of used channels, sampling
frequency etc. could be changed, was responsible for data recording.

2.2. Selection of an appropriate measuring system

At the beginning the drop hammer was equipped only with the rate generator. It
was mounted at a constant height of about 2.3 meters and connected to the ram with
strongly tensed cable. The ram motion produced a tension proportional to the velocity
of the falling ram. While analyzing experimental results, a signal from the generator
was amplified twice. Sudden changes of ram velocity during deformation (Figure 3)
obtained from the measurement of generator voltage were unbelievable. Therefore, it
was necessary to use other measuring device to verify the data obtained from the rate
generator. For that purpose the drop hammer was fitted out with additional sensor —
piezoelectric accelerometer. The sensor was placed in a bottom of the ram following
the instruction [8]. After testing and comparing the results it was noticed that signals
from both sensors showed different contact time as well as different time of the end of
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the process. Accelerometer signalled a contact time approximately 4 ms earlier. This
was justified by the construction of the rate generator that was equipped with revolut-
ing elements of high interia. Additionally the cable tension causing a slight ram tilting
could also have an influence.

7 -

@ §

b)

g0

]

o o 1om 20m 30m 40m t [S] 50m

Fig. 3. Comparison of signals from rate generator (a) and piezoelectric sensor (b)

The accelerometer used was for slightly smaller acceleration values than those oc-
curring during specimen deformation. The signal faded at the value of 1000 g which
caused difficulties with filtration. It was difficult to choose optimal filtration method.

Because of these reasons it was decided to design a new measuring system based
on experience from the use of the rate generator and piezoelectric sensor. The con-
struction of optical detector was changed several times. At the beginning it was con-
structed with a use of one laser transmitter, matrix of 0.5 mm resolution and complex
optical system. Further its construction was changed; its precision and reliability were
increased. Software processing of data from detector was created. The whole was an
efficient experiment servicing system that enabled immediate analysis of experimental
data.
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2.3. Optical detector

The system presented was designed for measuring and recording the quantities
necessary for dynamic analysis of specimen deformation with a use of the drop ham-
mer. As measuring sensor a prototype system based on two laser transmitters with
special photodiodes and electronic control was used. Due to the use of two lasers the
method could be an alternative to much more expensive measuring methods. Two
separated slotted lines for both laser transmitters made it possible to determine ex-
actly: dynamic parameters of the ram, the ram trajectory, the time of contact between
the ram and specimen, the ram from the specimen bounce moment, the specimen
strain rate and the parameters listed above.

The advantages of this measuring method are simplicity of operating and the possi-
bility of high values of acceleration recording due to non-contact measuring. Addi-
tionally software (designed with a use of C language) allowing immediate analysis of
experimental data was created. It enabled correction of real experimental time leading
to optimal solutions.

The system of optical detector consisted of two independent laser transmitters
(630 nm) of laser beam diameter equal to 0.3 mm, optical matrix and electronic detec-
tors (Figure 4).

high speed  input circut the ram
amplifier  of BPW21 '€d
2*ADB138AR diode e
1] a
1 WUb <| transmitter 1 |<7

optical system
630nm

transmitter 2 |e

2|

= [

} +-15V DC

power supply DC/DC
—»{  conventer
Analog Devices W

power
supply +3.0V [

specimen

r 1
| anvil |
+5.0 VDC

Fig. 4. The system of optical detector based on two laser transmitters and optical matrix pattern

The system functioning was based on photocell principle. The matrix consisted of
gaps and striae put on alternately, it was manufactured with a use of exposure tech-
nology which resulted in high precision of pattern equal to 4000 dpi. The striae for
particular laser transmitters were shifted with respect to each other so in one time the
signal from only one transmitter was transmitted through the matrix.
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Resolution of a device depends on a width of striac and gaps. In the device used,
the width of both was the same, i.e. 0.4 mm. The width of laser beam could not be
greater than this dimension because the output signal from the detector would not have
appropriate measurement properties. If the laser beam hits the striae, it is stopped and
voltage of photodiode is equal to the voltage of background. If the laser beam hits the
gap, it is registered by the photodiode in which voltage appears. This voltage should
be as high as possible so that photodiode amplifier would have low amplification at
wide band of transmitted frequency and phase shift close to zero. It was possible to
obtain 0.3 mm width of laser beam without interference rings at the distance of several
centimeters without use of optical elements due to precisely sticked metal collimator
of 0.3 mm diameter (Figure 5).

When a falling ram with optical matrix mounted in a clamping ring appeared near
laser beam its movement began to be recorded as impulses forming sinusoid (Figure 6).

adhesive laser transmitter

—>u<—
d=0.3mm

formed laser beam collimator laser diode
0,3mm

Fig. 5. Beam width reduction in laser transmitter

R T T T T T T T
4.15'-?44 o} ;F""
U R 1 ’]‘
0155 |- L

v E |

0.16 |- |

- —

-0.165 [

-3
-
]
LEEA LG |
——
o —
——
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23.71 24 24.4 t{ms] 24.77

Fig. 6. “Sinusoidal” curve from optical detector

Two lasers and appropriate matrix pattern made it possible to determine direction
of the ram movement which was a crucial issue when the ram bounced from the
specimen.
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3. Computational methods

Presently measuring systems besides typically mechanical, electronic devices must
also include software enabling direct verification of tests. Modifications of software
computation algorithms caused by frequent construction changes were made by re-
searchers working on that project that ensured the best solutions.

3.1. Data processing

For data processing “drop hammer” software was used. Basic parameters necessary
to analyze the ram motion during dynamic loading were previously presented. The
method for determining them being based on the analysis of the signal from the optical
detector is presented below. The curve previously named as “sinusoidal” (Figure 6), in
fact, was not exactly pure sine. Its further periods changed, depending on the ram ve-
locity changes.

Theoretical free velocity of ram that hits the specimen can be calculated from the
energy conservation law:

E,=E,, (1)
v=42gh, (2)
where:

E, — potential energy,

E} — kinetic energy,

g — acceleration of gravity; 9.81 m/s?,

h — the height from which the ram was falling; 1.95 m.

Because of the rolling resistance of the rolls guiding the ram in a slideway, a real
velocity was not equal to a theoretical free falling velocity. It ranged from 6.16 to 6.24
m/s.

As was already mentioned, the matrix resolution was 0.4 mm, hence the gap be-
tween two next striae was 0.8 mm. At a velocity of 6.2 m/s the frequency of the signal
from optical detector was:

Foe2m 119050z 3)
[s] 0.0008 [s]

Due to the data processing the card signals in two channels were recorded, the sam-
pling frequency was 100 kHz per channel. That caused that when the ram was hitting
the specimen (at maximal velocity) for one period of the signal, there were 13 meas-
uring points. While the ram was sinking in a specimen, the number of measuring points
per one cycle of striae—gap—striac was increasing (velocity was increasing).
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The first computational algorithm was based on FFT (Fast Fourier Transform) [6].
Reading the frequency value for the highest peak (Figure 7) it was possible to get the
ram velocity in a chosen moment. Adjusting parameters properly — a number of points
and the so-called windows (i.e. hanging), it was possible to obtain results. The method
of spectral analysis enabled us to obtain an average velocity, depending on the number
of points. Taking the above into consideration we could conclude that the method
based on FFT was rather slow and it would be difficult to choose it as a proper solu-
tion.

Another method of getting information about the ram velocity is the method of char-
acteristic points presented in Figure 8. In that method, the following parameters were
investigated:

e an average signal value during specimen deformation (FFT(0)),

e maximal values of next cycles (laser beam was pointing at the striae),

o minimal values of next cycles (laser beam was pointing at the gap).

i o ST P SV S | EVEPRIT RSP EPSTEPEr S SRR
i 200

“ f[Hz] ©

Fig. 7. FFT signal spectrum when the ram hits the specimen

Computation algorithm was based then on finding out the points corresponding to
these parameters in a signal. Each point was represented by some time value ¢, and
some ram displacement value s,. Thus the analysis could be based on the change of
those points position in time. 3- and 5-points methods could be adopted as it was pre-
sented in Figure 8. Defining the set of time ¢ = {to . }, depending on the method, at

the same distance between two adjacent striae equal to 0.8 mm (with one stria an
average value was obtained two times so the distance between two adjacent gaps was

0.4 mm) it was possible to determine the set of positions of the ram s =1s,...s, }

Making up the set of positions s and the set of ¢ the correlation between displacement
and time was obtained.

As was already noticed, when the ram hit the specimen one cycle had only 13
measuring points; during identification of characteristic points this could cause errors
d1, 0, (Figure 9). An appropriate calculation of an average value and identification of
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characteristic points had an influence on the method accuracy which was testified by
the ram velocity versus time characteristic (v(¢)).

Having displacement s and time ¢ set it was possible to determine consecutive dif-
ferences (increments) from the following equation:

N

mil " Sm _ As

At

m

m

4

v

m
Ly — Ly

This way the set of time-dependent consecutive instant velocities v of ram was ob-
tained. Setting properly the sets of velocity v,, and displacement s,,+; the correlation
between ram velocity and its position v(s) was established. The errors in v(¢) calculat-
ing arise from the time-dependent position of characteristic points being identified.

|

0.4 mm 0.4 mm

Ate
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Aty

0.4 mm
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Fig. 8. Localization of zero-crossing in the methods used
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In Figure 9, a part of signal recorded during specimen deformation was presented.
It could be noticed that not many points were exactly equal to the average value of the
signal. If the cycle had 13 points — 130 ps, error could be even as great as 20 ps (15%)
and, which was more important, the error was not constant. Errors doubled while
evaluating the ram acceleration values. It was necessary to propose the way to avoid
the error arising from the signal sampling frequency. This can be done by the so-called
re-sampling. The phenomenon tested lasted for about 30 ms, which gave 3000 meas-
uring points at the sampling frequency of 100 kHz. As a result of re-sampling it was
possible to obtain even 300000 measuring points due to a decrease of time from 10 ps
to 0.1 us between the adjacent points. Characteristic points in a signal were found
more precisely. The fault of that method was slowing calculations down due to re-
sampling.

The method of linear interpolation of equation was much faster and accurate be-
cause no preliminary re-sampling was necessary. In Figure 9, some of measuring
points were over the average value (marked as “+”) and some of them were below it
(“~”). In that method, the points after which the sign was changed from “+” to “~ and
from “=” to “+” were specified. Based on these two points of different signs straight-
line equation was derived as follows:

(u—u)-(t,—t)=(0—1) (u, —u,), (5

where u — photodetector voltage, ¢ — time, (#1, u;), (£, u») — coordinates of the points.
The time ¢, for hypothetical point at which the voltage value u should be equal to u,
was evaluated. That time could be calculated directly after calculating the straight-line
equation. The accuracy of that method was the best, hence that algorithm was used in
the software.

3.2. Evaluating acceleration and the force of specimen
deformation caused by the ram

Previously the specimen deformation versus time (s(f)) and the velocity versus
time (v(7)) as well as the ram velocity versus displacement (v(s)) were presented. In or-
der to gather all the parameters describing the specimen deformation, it was necessary
to evaluate the ram acceleration. Acceleration values were obtained from the calcula-
tion of the next velocity Av increments in the time A¢:

am:Verl_vm:Avm. (6)
t.—t, At

m+1 m

When the set of acceleration values a,, is combined with the set of displacement values
sm+2 the correlation between the ram acceleration and its position a(s) can be calcu-
lated.
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To calculate the kinetic energy of the ram the set of the ram velocity values v(¢)=
={v...v,} was evaluated and successively the set of kinetic energy values E; was cal-
culated from the following equation:

; (7

where m stands for the ram mass.
Correlating properly the set of kinetic energy E; with the set of displacement s the
correlation between kinetic energy and the specimen deformation E(s) was obtained.
In order to calculate the force exerted by the ram on the specimen, the set of the
next time-dependent acceleration values a(¢)={ay...a,} was necessary. This force is
given by the following equation:

F =m(g +alt)), (8)

where g is acceleration of gravity.
The correlation between the force exerted by the ram and the specimen deforma-
tion F(s) was obtained by a proper correlating the set F' with the set of displacement s.

4. Drop hammer software

The software was developed to evaluate dynamic parameters of the ram during its
collision with the specimen and the specimen deformation. It was designed with a use
of C language. This software has the advantage of being quick at data processing and
simple. It enabled us to evaluate all the quantities necessary for the description of
specimen deformation.

To analyze the signals obtained from the optical detector it was necessary to choose
the file with data. Basic parameters of the data recording process such as date, time of
recording, sampling frequency, pretrigger, channels to which recorded signals were
connected were recorded in that file. The name of that file was identical to the speci-
men mark tested. The file extension should be “*.dat”; however, the program may
load also other file types.

The structure of file is presented in the Table.

The program reads two columns of numbers representing recorded signals from
two lasers. It is based on an algorithm using linear interpolation equation in order to
calculate the ram motion parameters.

“Drop hammer” program enables us to observe the results right after the test and to
make corrections during experiments which makes it possible to find the best test con-
ditions. After loading the file, processing of different relations was obtained. The win-
dow from the software with some examples of courses is presented in Figure 10.
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Table. The structure of the file

Date: 05-29-2003

Acquisition time 100 [msec]
Samping rate 100000 [pts/sec]
Sampling interval 0.01 [msec]
Number of samples 10000
Pretrigger 5 [msec]: sample number: 500
Channels
Channel 1-transducer none Channel 2-transducer none

0.228424 0.227966
0.228577 0.227509

Time: 11.13.04

Graphs from the program may be printed or can be saved as graphic files. In such
a form they may be processed with different types of software. Data can be also ex-
ported to “Microsoft Excel” to create own graphs for further analysis.

The software has also the advantage of incorporating package for digital data fil-
tration. This is especially important when the sensor used is a piezoelectric acceler-
ometer. The software makes it possible to create an advanced FIR-type filter. In the
window, attenuation diagram as well as phase characteristics of the filter are pre-
sented. After saving coefficients it is possible to load them into the program and to

filter a chosen signal.
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Fig. 10. Drop hammer software — window with some exemplary courses
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In Figure 11, the window from the program with digital filter is presented. Filtering
may be improved by the so-called signal windowing making characteristics more
steep at a smaller number of coefficients. In Figure 12, the signal from the test with
piezosensor is presented. In Figure 13, frequency and phase characteristics of the FIR

filter designed are shown.

e

il

l|'||

i

| || ) i
Ll
J 1 s, ..

[} o 2 03 oA k .
ormalTed frequency (Myguist = 13

s ol o Lk 1

R ([ S i
1y af:

T LHYEEZEARARAARR 5

| Coslhcmris germate

Doundary bequence: [om Coefficients mumber:  [120  Windowe [Dasien { viangle - Gereme |

T 0 01 02 03 04

05 0g 07 08 03 1
Wormked begusncy (hyaast = 1)

Losdsostickrts | Savecosficknts |

Amplitude response [dB]

-50

-100

-150

Fig. 11. The window of the FIR-type digital filter

ghibigs_ g8

L T H R HIHH

samples

Fig. 12. The signal before filtration

R e

_____ A ok it L
'
|
|

S G i
1
1
1
1
1
e I R |
1
1
1
1
1

T T T
0z 03 04 05 g o7
Mormalized frequency (Mygquist = 1)

08 04 1

Fig. 13. FIR-filter characteristic ( f.= 0.02 f,, n = 128)



Measurement system of “crash-test” experiments

19

In Figure 14, filtered signal from Figure 12 is presented.

CBEBB 3L aaaNsasasBaassEaesARaaRE
samples

Fig. 14. Recorded acceleration signal a(?) ( f, = 100 kHz)

The program is totally automatized. In “Preferences” menu (Figure 15) it is possible to
set such parameters as the ram mass, time of the analysis beginning, etc. It is also pos-

sible to present graphs as points as well as to scale properly the graph.

Chats | Caleulations | Charts  Calculations |
Laser
Yscle —————
I Auto ’7(" 1 {5 * 142
[ Auto Min: |32?B? Stark time [5]: 14,25
™ Auto Max:|32787 Signal madification ————————
Malkois Mean offset L1: 0
’]_ Paints tMean offset L2: 1]

Start time w [s} IW
Regresion ——————————————
Start level ¥ [m/s]: |5—
Stop level ¥ [m/s]: IU?—

Fam mass [kg]: 205
Cancel | Cancel |

Fig. 15. The window of “preferences”

The results obtained for tubes filled with plastic foam of the density equal to 74.2
kg/m’® are presented as an example of the software possibilities. In Figure 16, the sig-
nal recorded from optical detector is presented. In blue, the moment before the contact
between the ram and the sample is reached; in red, the specimen deformation occurs;

and in green, rebound and vibrations of the ram are presented.
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Fig. 16. Signals from optical detector

4.1. Results of verification

In Figure 17-25, basic parameters of the specimen deformation are presented. Song
[8] proposed certain empirical relationship describing velocity changes in time as it
should be in reality in the case of the specimen deformation. Based on that it was pos-
sible to verify calculations comparing them to the ram velocity obtained in the experi-

ment.
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Fig. 17. The ram displacement versus time Fig. 18. The ram velocity during the specimen
deformation
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Fig. 22. Changes of the ram kinetic energy in time
acceleration and its displacement
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Fig. 25. The force exerted by the ram versus its displacement

From (9) it resulted that the velocity change in time should be linear:
v =1 —L) , ©)
At

where:
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vy — velocity at the moment the ram comes into contact with the specimen,

t — time value for a point of coordinates (s, ),

At — the time of the specimen deformation until a re-bound occurs or the ram stops.

From (4) it results that the velocity change in time should be linear. This allows us
to verify the calculations by comparing them to the ram velocity obtained from the ex-
periment. The algorithm converting the signal from optical detector is based on the
principle of next discrete difference quotients done in the set of time values t={%,...t,}
and the set of the ram displacement values s={sy...s,}. This means that an incorrect
evaluation of velocity is responsible for errors in all parameters. Comparison of the
velocity values evaluated from the experiment with the values calculated from (4)
makes the evaluation of an approximate measuring error possible.

5. The energy absorbed by the tube specimens

Based on the presented measuring system equipped with optical detector, the en-
ergy absorbed by the elements of car body, depending on their geometry and filling,
was investigated. The tests showed that the shapes of the elements as well as the fill-
ing density had a profound influence on the energy absorption.

6. Summary

Computer-aided measurement system of “crash-test” experiments with a use of the
drop hammer was designed. The prototype system based on two laser transmitters (red
light) with special detectors with electronic system was used as the sensor. The system
became an option of much more expensive accelerometers. The advantage of the
method presented is its simplicity as well as the possibility of high acceleration
recording due to contactless measuring method.

Drop hammer software making it possible to observe results right after testing was
used. This enables real time correction of an experiment leading to the best solutions.

The method developed was used for testing the energy absorption by the car body
elements, depending on their geometry as well as filling.

The system presented is still to be developed. It is foreseen that in the future thanks
to the software described and the programs based on FEM analysis it will be possible
to design the so-called “intelligent” stringers and the car body strengthening elements
that, depending on external factors, would ensure safety for passengers of cars.
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System pomiarowy do badan crash testu

Przedstawiono system do pomiardw, rejestracji i przetwarzania wynikow badan dynamicz-
nego speczania probek w tzw. crash-tescie. Opracowano oryginalny system pomiarowy
wykorzystujacy dwa nadajniki laserowe na §wiatto czerwone, specjalne detektory oraz uktady
elektroniczne. System ten zast¢puje znacznie drozszy piezokwarcowy czujnik przyspieszen
i czujnik predkosci w postaci pradnicy tachometrycznej. Przedstawiona metoda charakteryzuje
si¢ wieloma zaletami, migdzy innymi: prostota i mozliwoscia rejestrowania bardzo duzych
przyspieszen dzigki bezstykowej metodzie pomiardw.

System ten zostal zastosowany do analizy zachowania si¢ probek wykonanych z blachy
o réznych profilach, jedno- i dwusciennych, pustych i wypetlionych tworzywami sztucznymi
o roznej gestosci podczas dynamicznego speczania na mtocie spadowym. W czasie speczania,
ktore zachodzito w ciagu kilku ms, mozna bylo uzyskac przebiegi sily speczania, predkosci
speczania i przyspieszenia spgczania w czasie badz w funkcji drogi odksztatcania spgczanej
probki. Opracowane oprogramowanie umozliwia obserwowanie wynikow proby natychmiast
po jej zakonczeniu i szybka korekte eksperymentu, co pozwala szybko uzyskiwa¢ dobre roz-
wiazania.

W efekcie koncowym okre$lano przebiegi energii absorbowanej przez probki w funkcji
drogi odksztalcania. Przeprowadzone badania wykazaly, Zze najistotniejszy wpltyw na energig
absorbowang wywiera ksztatt przekroju poprzecznego probek i ggstos¢ wypehienia. Najbar-
dziej korzystne rozwiazania, to jest takie, ktore zapewniaty najmniejsze przeciazenie uzytkow-
nikow pojazdéw samochodowych, powinny znalez¢ zastosowanie w budowie elementéow karo-
serii samochodowych zapewniajacych mozliwie dobre bezpieczenstwo bierne.
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Simulation research in impulse compacting of moulding sands
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Wroclaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroclaw, Poland

The paper presents a mathematical model of impulse compacting of moulding sands developed at the
Institute of Machine Engineering and Automation of Wroctaw University of Technology. The model pre-
sented consists of a system of differential equations that describe the impulse head dynamics and the
process of moulding sand deformation. This deformation is described by a viscoelastic rheological model
accepted on the grounds of rheological properties of moulding sand determined using the time-conversion
method. Moreover, the results of simulation testing of the impulse compacting are presented in the paper.
Based on the results of analysis it has been found that the model developed fully describes the process of
impulse compacting of moulding sands. Thus, it can be used for designing and optimizing the impulse
machine heads and for designing the process of moulding sand compacting.

Keywords: moulding sand, impulse compacting, mathematical model, simulation research

1. Introduction

Sand casting due to its numerous advantages is a basic method of casting produc-
tion. Among the methods used for compacting classic moulding sands, squeezing is of
a major importance. In practice, various forms of squeezing are applied: plate squeez-
ing, squeezing with multi-piston head or with core shooter. Recently, more and more
stringent quality requirements for manufactured castings have resulted in rapid devel-
opment of new, dynamic squeezing methods, including impulse compacting and dy-
namic squeezing. An important property of the new squeezing methods is very short
compacting time, of the order of a few to a dozen milliseconds.

An advantage of the new methods of moulding sand compacting is a high quality
of the manufactured casting moulds. Very good results of compacting are obtained,
such as high compacting degree, high uniformity of compacting degree in the mould,
higher dimensional accuracy of moulds, good surface quality and greater accuracy of
representation of complex shapes of patterns.

To obtain optimum results of compacting, it is necessary to know the properties of
the mathematical model of impulse compacting and the results of simulation testing of
this model. The simulation tests can be treated as preparation for designing and opti-
mizing dynamic heads of moulding machines and the process of impulse compacting
of moulding sands.

The phenomena that occur during compacting of moulding sands are very complex.
So far, no mathematical model has been developed to describe fully the process of im-



26 W. KOLLEK et al.

pulse compacting of moulding sands, although attempts have been made by many re-
searches in the world, e.g., by G.M. Orlov, J. Bast and K. Smyksy [1-3].

The research in a new impulse head with self-acting pneumatic valve and in the
process of impulse compacting of moulding sands has been carried out at the Labora-
tory of Automation Principles of the Institute of Machine Engineering and Automation
of Wroctaw University of Technology for a few years [4—6]. This resulted in devel-
oping a mathematical model of the process of impulse compacting of moulding sands.
In this paper, there are presented some selected simulation tests on the model devel-
oped which fully describes the process of impulse compacting of moulding sands.

2. Mathematical model of the process of
impulse compacting of moulding sands

The layout of the process of impulse compacting of moulding sands is shown in
Figure 1. This process runs in the following way: After switching over the valve (4),
the pressure p; drops rapidly resulting in the movement of the piston (3) and opening
of the accumulator outlet. Rapid opening of the outlet (5) generates a shock wave of
compressed air in the workspace over the moulding sand. The air jet is responsible for
deformation and compaction of the sand.

¢ F(t)=p,A4,
3 * _Lf m:

ke(®) = T kifd)

AN SO B

Fig. 1. Layout of the process of impulse compacting of moulding sands: impulse head (A): accumulator
(1), self-acting impulse valve (2), valve piston (3), distribution valve (4), outlet (5); moulding box (B)

Because the input function F(¢) causing deformation and compaction of moulding
sand ought to be known, modelling of the impulse compacting process requires that
the mathematical models of the impulse head and the process of sand deformation and
compaction are considered jointly.
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Taking account of the model of the impulse head and the rheological model of the
moulding sand, the impulse compacting process can be described by the following
system of differential equations:

d>y(t dy(t
pA=m,- y§)+kr(5)-ﬂ+kc(5)-y(z), (1)
dt dt
d*x
Az(Pz_Pa)_C'x_mrg:ml'?, 2)
—K'R'T‘Gl=@, (3a)
v, di
or
k (G-R-T d d,
_.(_1 _pl._y}ﬂ, (3b)
y A4, dt dt
_KRTG2 Z@’ (4)
v, dt
where:

kr=f(0) — attenuation coefficient of moulding sand in function of its compacting
degree;

kc=f(0) — elasticity coefficient of moulding sand in function of its compacting
degree;

p1 — absolute pressure in the workspace;

p» — absolute pressure in the accumulator;

p3 — absolute air pressure in the impulse valve chamber;

A, — piston face area;

¢ — constant of the impulse valve spring;

g — acceleration of gravity;

V1 — workspace volume;

V, — accumulator volume;

m; —mass of the piston of the self-acting impulse valve;

m, — mass of the thickened moulding sand;

s — piston stroke;

x — co-ordinate of the piston position;

y — co-ordinate of the upper layer of moulding sand;
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x — adiabate exponent;

G2 — air flow rate from the accumulator to the workspace;

R — gas constant of the air;

T — air temperature in the workspace and in the accumulator;

a — coefficient of air flow rate from the accumulator to the workspace;

fi(x) — area of air flow from the accumulator to the work space.

The model presented describes the process of impulse compacting of moulding
sand that occurs when k>0 and k7>0.

The system of differential equations given above represents: (1) — deformation
process of moulding sand; (2) — piston movement; (3a) — gaseous process in the empty
workspace; (3b) — gaseous process in the workspace with moulding sand; (4) — gase-
ous process in the accumulator.

The system of equations (2), (3a) and (4) describes the head dynamics and airflow
in the empty workspace. The system of equations (1), (2), (3b) and (4) describes the
head dynamics and airflow in the workspace that includes moulding sand.

The airflow rate G, from the accumulator to the workspace can be determined
from the relationship:

Gl(z)=K'Ot‘f1(x)-pl(2)-‘fﬁ-(p(é‘), S)

where:
g_pl ) K: 2_K:
D> K—1
0.2588 for 0<&<0.53,
p(e) =

\/82/K—8K+1/K for 0.53<g<1.

In order to solve the system of differential equations (1)—(4), it is necessary to know
the parameters that characterise rheological properties of moulding sand, i.e., kc=f(J)
and kr=£(9).

The relationships describing the changes of viscous and elastic properties in func-
tion of the sand compacting degree were determined on the grounds of experimental
results [7]. Their forms were found as follows:

kc(6) =b, -exp[b, -V, (9)], ky(8)=aexpla, -V, (5)], (6)
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Fig. 2. V; = f(J) relationship for moulding sand and Bentomak bentonite
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where:

a;, b; — coefficients,

V, (0) — propagation velocity of longitudinal ultrasonic wave in moulding sand in
function of sand compacting degree.

As results from relationship (6), the coefficients kc=f(J) and kr=f(0) can be de-
termined, provided that the propagation velocity ¥, of longitudinal ultrasonic wave in
moulding sand in function of sand compacting degree is known. The relationship
V. =f(0) can be determined on the grounds of ultrasonic test carried out with the use
of a material tester of type 543.

Figure 2 shows an example of relationship, i.e. V', =f(J), determined based on ul-
trasonic measurements of moulding sand with 6% of Bentomak bentonite, humidity
W=3.17%.

Figure 3 shows the kc=f(J) and kr=f(0) relationships described by relationships
(6) and V;=£(0).

3. Results of simulation

Simulation of the mathematical model of the process of impulse compacting of
moulding sands was ran in the Matlab-Simulink environment. The simulation tests
were carried out for the empty workspace and the workspace filled with moulding
sand.

Figure 4 shows the relationships representing the changes of air pressure in the ac-
cumulator and in the empty workspace. Figure 5 shows the changes of air pressure in
the accumulator of the impulse head and in the workspace above moulding sand. The
test results were obtained with an initial pressure p,=0.5 MPa in the accumulator of
the impulse head.

0,6 |

0.5 | 7 |
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£ 04 | —
T 0.3 _ //
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Fig. 4. Time relationships of air pressure in the impulse head (P;) and in the empty workspace (Pr)
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Fig. 5.Time relationships of air pressure in the impulse head (P,) and in the workspace (Pr)
filled with moulding sand with Bentomak bentonite

Based on the time relationships of air pressure in the empty workspace and in the
space above moulding sand it can be concluded that higher rate of pressure rise and
higher pressure in steady state are obtained in the process with moulding sand. This
results from smaller volume of the workspace whose substantial part is filled with
moulding sand.

The simulation results obtained allow us to state that the impulse head is charac-
terised by very high internal dynamics evidenced by very short compacting time of ca.
10 ms.

4. Summary

A mathematical model of the process of impulse compacting of moulding sands
developed at the Laboratory of Automation Principles of the Institute of Machine En-
gineering and Automation of Wroctaw University of Technology and some selected
results of simulation tests of this model are presented.

The model developed describes in detail the impulse process, and the results of its
examination permit an assessment of the dynamics of the head and the compacting
process. The model presented can be used for designing and optimising the heads on
impulse machines and for assessing the dynamics of impulse compacting of moulding
sands.
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Badania symulacyjne procesu impulsowego zageszczania mas formierskich

Przedstawiono matematyczny model impulsowego zaggszczania mas formierskich opraco-
wany w Instytucie Technologii Maszyn i Automatyzacji Politechniki Wroctawskiej. Zapre-
zentowany model jest uktadem réwnan rozniczkowych, ktore opisuja dynamike glowicy im-
pulsowej oraz proces deformacji masy formierskiej. Do opisu deformacji masy formierskiej za-
stosowano lepkosprgzysty model reologiczny, ktory przyjeto na podstawie identyfikacji wia-
snosci reologicznych masy metoda czasowa. Zaprezentowano wyniki badan symulacyjnych
procesu impulsowego zageszczania mas formierskich. Na podstawie analizy uzyskanych wyni-
kéw badan stwierdzono, ze opracowany model w petni opisuje proces impulsowego zaggsz-
czania mas formierskich. Zatem moze on by¢ stosowany do projektowania i optymalizacji
glowic maszyn impulsowych oraz projektowania procesu zaggszczania mas formierskich.
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Spring-back is a phenomenon that seriously affects the quality of parts made by forming processes of
metal sheets. The size of distortions of the formed part caused by spring-back depends on different fac-
tors, such as: material parameters and chemical composition, working conditions and tool accuracy. The
present paper deals with an experimental research into the influence of such sheet material as homogene-
ous and heterogeneous metal sheets on distortions and deviations caused by spring-back in the case of rec-
tangular draw parts.
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1. Introduction

Spring-back is a phenomenon of elastic nature determined by the distribution of re-
sidual stresses in the section of the formed part. Spring-back is not only manifested by
the modification of the state of stress/strains in the formed material, but also by the
modification of the geometric shape and dimensions of the formed part.
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Fig. 1. Spring-back in the case of rectangular part

In the case of deep drawing operations, the spring-back is a complicated problem
because of the complex loading and complex geometry of the formed part. In com-
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parison with bending operation, in drawing operation the spring-back parameters are
the function of the part geometry. In the case of a rectangular draw part shown in Fig-
ure 1, main deviations and distortions caused by spring-back can be itemized as fol-
lows: modification of the angle of inclination of the part walls, modification of the
curvature radius (R) and the difference in height (A%) [3]. Generally, the spring-back
is positive, but its negative values can be registered when the blankholder forces in-
crease and the radii of part are smaller than the radii of punch. The main factors that
influence the spring-back phenomenon after drawing are as follows: dimensions and
accuracy of the tool (punch and die radii, initial clearances), the working conditions
(lubricating conditions, force and shape of blankholder, forming force, forming
speed), chemical composition and mechanical properties of material and sheet thick-
ness. Taking account of the influence of the material parameters, it can be concluded
that generally materials of higher mechanical strength characteristics lead to an in-
crease in the spring-back intensity [1], [2], [4].

The present paper deals with an experimental research into the influence of the
blank material, i.e. homogeneous or heterogeneous metal sheets, on the deviations and
distortions caused by spring-back in the case of rectangular draw parts.

2. Experimental conditions
The experimental analysis of spring-back was performed under the following con-
ditions: drawing depth, 22 mm; drawing force, 25 tf; drawing speed, 18 mm/min;

blank holding force, 10 kN. In order to compare the behaviour of different materials
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Fig. 2. Dimensions of the finished part
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subjected to spring-back, the analysis was carried out using the following three steel
sheets: blanks made from homogeneous FEPO SMBH, SPE 220BH sheets and blanks
made from TWB obtained by joining the FEPO SMBH and SPE 220BH steel sheets
by laser welding. The materials used in this study were selected based on the follow-
ing mechanical characteristics: yielding stress and workhardening coefficient. The
FEPO 5MBH steel has lower yielding stress and higher workhardening coefficient in
comparison with SPE 220BH steel. The basic dimensions of the finished part and the
device used for part drawing are presented in Figures 2a, 2b and 3, respectively. The
parameters determined in experimental analysis are shown in Figure 4.

Fig. 3. Device construction
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Fig. 4. Parameters determined from experimental analysis
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3. Test results

The experimental results are represented by the longitudinal and transverse sections
of the part scanned using a 3D scanning machine and are shown as follows: the part
made from FEPO 5MBH steel sheet in Figure 5a and b; the part made from SPE 220BH
steel sheet in Figure 6a and b and the parts made from TWBs in Figure 7a and b. The
deflections caused by spring-back phenomenon are presented in the Table.
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Fig. 5. Spring-back parameters in the case of rectangular part made from FEPO SMBH steel sheets:
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Fig. 6. Spring-back parameters in the case of rectangular part made from SPE 220BH steel
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Fig. 7. Spring-back parameters in the case of rectangular part made from TWB steel sheets:
a—0JX axis, b—OY axis

Table. Deviations from the nominal dimensions caused by spring-back

XOZ plane Drawing speed, 18 mm/min; drawing depth, 22 mm; blank holder force, 10 kN
Lx1- | Lx2- Rx3- | Rx4-

Material 128 08 Rx0 Rx1-5 | Rx2-5 10 10 al a2 a3 a4
[(mm] | [mm | [mm] | [mm] | [mm] | [mm]|[mm]| [°] | [°] | [°1 | [°]

SPE220BH 222 2.5 |2107.09| —-0.06 | —0.54 | 2.61 | 238 |-1.17 | -1.28 | 5.81 | 6.67

FEPOSMBH | 2.19 | -2.3 [2929.71| -0.25 | —0.52 | 2.47 | 2.14 | -0.88 | -1.88 | 4.76 | 4.72

TWBs 226 |-2.53|1834.16| —-0.16 | —0.18 | 2.47 | 2.66 |-2.15|-3.73| 6.07 | 5.34

YOZ plane Drawing speed, 18 mm/min; drawing depth, 22 mm; blank holder force, 10 kN
Lyl- 1 Ly2- Ry3- | Ry4-

Material 38 33 Ry0 Ryl1-5 | Ry2-5 10 10 p1 £2 p3 p4
(mm] | [mm] | [mm] | [mm] | [mm] | [mm]|[mm]| [*] | [*] | [°1 | [7]

SPE220BH 242 |-1.63]1600.28 | —0.16 | —0.09 | 2.47 | 1.85 |-3.12|-2.16 | 6.1 | 4.89

FEPOSMBH| 25 |-1.79| 2227.6 | —-0.56 | —0.26 | 2.33 | 2.2 |-0.62|-1.32| 3.73 | 445

TWBs 437 |-191]1074.83| -1.91 | -0.01 | 2.36 | 2.06 |-2.83 | -2.9 | 11.18 | 9.62

4. Conclusions

1. The distortions caused by spring-back are as follows: inclination of the part walls,
inclination of the flange and bottom curvature. These distortions are registered in both
sections — longitudinal and transverse — of the formed part for all materials being ana-
lysed.

2. The deviations from the nominal dimensions occur as follows: in the plane XOZ
for the following dimensions: Lx1, Lx2, Rx0, Rx1, Rx2, Rx3, Rx4, al, a2, a3, a4; in
the plane YOZ at the following dimensions: Ly1, Ly2, Ry0, Ryl, Ry2, Ry3, Ry4, 1, B2,
[3, f4. In the same plane, between the deviations on both sides of the part there are
observed small differences. They occur not only in the case of TWBs, but also in the
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case of homogeneous steel sheets. In the case of parts made from TWBs, these differ-
ences are caused by the differences in the mechanical properties of the steel sheets that
make the blank. In the case of the parts made from homogeneous steel sheets, the dif-
ferences can be due to the imperfections of the metal sheet structure.

3. In the case of homogeneous metal sheets, the deviations caused by spring-back
were registered for all nominal dimensions of the formed parts. Contradictory aspects
were observed for the influence of the metal sheet properties on the size and location
of the deviations. Thus, the deviations were considerably sharper in the case of the
parts made from SPE 220BH steel sheets at the following nominal dimensions: Lx1,
Lx2, Rx2, Rx3, Rx4, a1, a3, a4 in the XOZ plane, and Ry3, f1, 2, 3, 4 in the YOZ
plane. In the case of parts made from FEPO SMBH steel sheet, the sharpest deviations
were observed at the following nominal dimensions: Rx0, Rx1 and o2 in the plane
XOZ and Lyl, Ly2, Ry0, Ryl, Ry2 and Ry4 in the plane YOZ. The general conclusions
resulting from this analysis can be drawn as follows:

e an increase in the yielding stress and a decrease in the workhardening coefficient
can be favourable for an increase in the spring-back intensity in certain regions of the
formed part, i.e. in the left and right walls, the flange and the region of connection
between bottom and walls;

¢ a decrease in the yielding stress and an increase in the workhardening coefficient
can determine an increase in the spring-back intensity in other regions of the formed
part, i.e. in the bottom and the region in connection between flange and walls;

e an increase in the yielding stress and a decrease in the workhardening coefficient
can be favourable for an increase in the spring-back intensity in the longitudinal sec-
tion of the formed part; a decrease in the yielding stress and an increase in the work-
hardening coefficient can determine an increase in the spring-back intensity in the
transverse section of the formed part.

4. In the case of parts made from TWBs, the deviations are sharper than in the case
of parts made from homogeneous metal sheets at the following nominal dimensions:
Lx1, Lx2, Rx4, al, a2, a3 in the plane XOZ and Lyl, Ly2, p2, 3, 4 in the plane
YOZ. Generally, the sharpest deviations occur in the half-part made from steel sheets
having smaller yielding stress and higher workhardening coefficient. The influence of
the weld line was observed in the bottom part. In this case, the bottom curvature for
the part made from TWB is smaller in comparison with that for the parts made from
homogeneous metal sheets.
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Powrotne sprezyste odksztalcenia i przemieszczenia w prostokatnych
wytloczkach wykonanych z jednorodnych i niejednorodnych blach

Odksztalcenia sprezyste istotnie wptywaja na jako$¢ wyrobow ttoczonych. Zaleza one od
roznych czynnikéw takich jak: wlasciwosci materiatu, sktad chemiczny, warunki odksztalcania
i doktadno$¢ wykonania narze¢dzi. Przedstawiono badania doswiadczalne pokazujace wpltyw
warunkow odksztatcania blach wykonanych z materialow jednorodnych i niejednorodnych na
odksztatcenia i przemieszczenia sprezyste prostokatnych wyttoczek. Zaobserwowano, ze w wy-
tloczkach wykonanych z blach jednorodnych zwigkszenie granicy plastyczno$ci i zmniejszenie
wspoélczynnika umocnienia materiatu wpltywa na zwigkszenie odksztalcen powrotnych w na-
stepujacych obszarach wyttaczanych wyrobow: §ciana, kolierz i obszar zawarty migdzy dnem
a $cianami. Zmniejszenie natomiast granicy plastycznosci i wzrost wspotczynnika umocnienia
wywoluja zwigkszenie odksztatcen sprezystych w innych obszarach wyttoczki, tj. w samym
dnie i obszarze zawartym pomigdzy kotierzem a §cianami. W wyttoczkach z blach niejedno-
rodnych spawanych laserem odksztalcenia sprezyste sa wigksze niz w wyttoczkach z blach jed-
norodnych.
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Determination of the weld metal properties and
behaviour in the case of tailor-welded blanks using
the parallel tensile test and image-analysis method
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The quality of a weld in the tailor-welded blank is very important for the success of the forming op-
eration. The mechanical properties of the weld metal can be determined by applying different methods,
such as: parallel test, normal test, microhardness test, etc. In the present paper, the mechanical properties
of the weld metal in a tailor-welded sheet made by joining similar metals were investigated. The investi-
gation was performed by applying the microhardness and parallel tests in conjunction with the rule of
mixture. The analysis of the behaviour of the tailor-welded blanks by examining the strain variation dur-
ing tensile parallel test of tailor-welded sheets applying the image-analysis method is also presented.

Keywords: weld metal properties, parallel test, rule of mixture, image analysis, strain distribution

1. Introduction

A tailor-welded blank (TWB) consists of two or more sheets that are welded to-
gether to make a single blank prior to forming (Figure 1). These sheets can be identi-
cal, or they can be of different thickness, mechanical properties, or surface coatings.
The blanks are joined either by mash seam welding or by laser beam welding, elec-
tron-beam welding, and induction welding.

Weld Weld
Material A Material B Thinner sheet  Thicker sheet
weaker stronger

Fig. 1. Tailored blanks

The quality of the weld in the tailor-welded blank is very important for the success-
ful forming operation. Physical testing of the weld metal is very important to deter-
mine the behaviour of the TWB during forming. Generally, for a steel TWB the basic
metal has significantly lower yield strength and tensile strength and hence higher duc-
tility than the weld metal [1], [2]. The mechanical properties of the weld metal can be
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determined by applying different methods, such as: parallel test, normal test, micro-
hardness test, etc. In the present paper, the mechanical properties of the weld metal in
a tailor-welded sheet were investigated by applying the microhardness and parallel
tensile tests in conjunction with the rule of mixture, and by analysing the strain varia-
tion during parallel tensile test using the image analysis method.

2. Determination of weld metal properties from parallel test

In order to determine the weld metal properties, a parallel test can be done in con-
junction with the rule of mixture. According to this rule, the stress—strain tensile test
must be performed using specimens cut from basic materials and from TWB. The
following relation gives the total load applied to a specimen:

F=0A+0,A +0,A,, (D)

where: 0,0, are the stresses corresponding to the areas of the basic materials; o, is
the average stress corresponding to the weld area; A;, A, and A, are the cross section

areas of the basic and weld metals, respectively. The longitudinal strains are assumed

to be constant across the TWB specimen, so that:

£ =8 =8&,. (2)
Based on the Ludwik—Hollomon equation, relation (1) takes the following form:

F=(Kiel ) A +(Koel ) A, + 0, A, 3)

An average stress will result from relation (3) as follows:

_ F _(Klglnl)Al _(Kz‘g;z)Az ‘

Oy = “4)
w AW
By taking into account assumption (2), equation (4) can be rewritten as:
F-(Key A —Kyuer |A
o = (1w)1(2w)2. (5)

v A

w

Equation (5) defines the stress—strain relation for the weld metal. If the basic mate-
rials are the same and the thickness of sheets is the same, the following parameters of
the materials and sheets will have equal values:

Ki=K,=K, n,=n,=n A=A =A.
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Hence, Equation (5) can be rearranged as follows:

o F-2kep)a  F-(Kean)la-A)
A A

, (6)

W w

where the cross section area of the basic materials was replaced by A=(A—Ay)/2. The
area A, of the weld metal cross-section can be obtained using the following methods:
the direct measurement of the weld width; the measurement of a metallographic sec-
tion; the determination of microhardness profiles [3], [4].

The parallel test was performed in the LMecA — ESIA laboratories, Annecy,
France, with an INSTRON-5569 Tensile Testing Machine. Standard specimens were
used in the test. The specimens were made from TWBs and obtained by joining the
same metals: SPE 220BH and FEPO 5MB. The width of the weld was determined
using a microhardness profilometer. The weld metal properties obtained from the par-
allel test were compared with the properties obtained from the image analysis.

The results obtained have been presented as follows: hardness variation along the
width of the specimens (Figure 2), estimated values of A, area (Table), true stress—
strain curves for the weld metals (Figures 3 and 4).
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Fig. 2. Hardness variation along the width of the specimens
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Table. Estimated values of A,, area

Sheet thickness Width estimating Width value A, area
TWBs
(mm) method (mm) (mm)
TWBs made in SPE direct measurement
220BH steel sheets 0.7 hardness measurement 0.64 0.448
TWBs made in FEPO direct measurement
5BM steel sheets 0.75 hardness measurement 0.65 0.4875
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Fig. 3. True stress—strain curves for the weld metal for TWB—SPE 220BH TWB specimens

600 T
Homogeneous material
= == Taylored blank
500 -
——&——Weld line (Image
analysis)
—_ — =¥ — Weld line (Mixture law)
@ 400
o I
% /
@ 300
=
%]
(4]
g . /
'_
100 ”
0
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
True strain [mm/mm]

Fig. 4. True stress—strain curves for the weld metal for TWB—FEPO 5MB TWB specimens
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3. Determination of strain variation during the tensile test of
TWB sheets by using the image-analysis method

The tests were performed with an INSTRON-5569 Tensile Testing Machine. The
parallel tensile test was applied and standard specimens were used. The strain was
measured based on the method of image analysis using a Hamamatsu C4742-95 digital
video camera. The specimens were prepared in such a way that they were made of the
SPE 220BH steel sheet as basic material of TWB. Each test was repeated three times
under the same experimental conditions and using the same type of specimen. The
processing of the experimental results was performed using a SEPT-D LMECA -
0.5.0.15 software version.

Strain variation
along the specimen
thickness

Strain variation
along the specimen
length

Strain variation
along the specimen
width

Fig. 5. Strain variations in parallel test — from the initial stage of the test till fracture,
TWB made from SPE 220 BH steel
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The results obtained have been presented as follows: strain variations in parallel
test — from the half stage of the test till fracture, TWB made from SPE 220 BH steel
(Figure 5), the specimens tested in parallel: zone of necking and fracture (Figure 6).

Fig. 6. The specimens tested in parallel: zone of necking and fracture

4. Conclusions

1. Conclusions drawn for mechanical properties of weld metal

In the case of parallel test for both TWBs, the strains of the weld metal in elastic
region could not be determined. In the plastic region, both methods, i.e. — rule of
mixture and image analysis, lead to approximately the same result.

The tensile strength of the weld metal is 1.6 times greater than that of the basic
material in the case of TWBs made from SPE 220BH and 1.3 times greater in the case
of TWBs made from FEPO 5MB.

2. Conclusion drawn for strains’ distribution

Analysis of the graphs in Figure 5, which represent the strain variation, allows us to
draw the following conclusions:

o the strain variation along the specimen thickness presents a smaller intensity
along the weld line in comparison with the matrix,

o the strains along the specimen length are uniformly distributed in the matrix and
weld metal till the necking stage occurs; the fracture will occur first in the weld metal
as can be seen in Figure 6,

o the strains along the specimen width are mainly located in the matrix, the weld
metal presents only small strains.

3. General conclusions:
Based on the hardness variation in the transverse section of a specimen and on the
strain variation along the specimen width, it can be concluded that the analysis of the
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mechanical properties of TWB should take into account only the behaviour of basic
materials and weld materials, whereas the heat affected zone (HAZ) does not seem to
have any influence.

Based on the uniform strain distribution along the width, thickness and length of
a specimen, the assumption that the longitudinal strains are constant across the TWB
specimen applied in the rule of mixture can be considered as correct. Hence, we can
conclude that in the determination of weld metal properties, the application of the par-
allel test in conjunction with rule of mixture is benefical for the accuracy of results.
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Okreslenie wlasciwosci i zachowania si¢ blach spawanych laserem
w prébie réwnoleglego rozciagania i metoda analizy obrazu

Badano wlasciwosci mechaniczne spawanych laserem blach wykonanych z podobnych mate-
riatow. Wiasciwoscei blach okreslano przez pomiary ich mikrotwardosci oraz w probie rownole-
glego rozciagania; do rozdziatlu wlasciwosci materialdow w poszczegolnych strefach stosowano
zasadg proporcjonalnosci. Aby oceni¢ rozklad odksztalcen w czasie rownoleglej proby rozciaga-
nia, zastosowano analizg obrazu. Zaréwno badania wlasciwosci materialu w probie rownoleglego
rozciagania polaczonej z pomiarami mikrotwardosci, jak i analiza obrazu w obszarze odksztatcen
plastycznych prowadza do podobnych wynikow. Opierajac si¢ na zmianach mikrotwardosci
w przekroju poprzecznym probek oraz na odksztalceniach szerokosci probek stwierdzono, ze me-
chaniczne wlasciwosci blach potaczonych laserem moga by¢ okreslone jedynie na podstawie
wiasciwosci materialow uzytych do wykonania blach kompozytowych z catkowitym pominig-
ciem oddziatywania strefy wptywu ciepta. Ostatecznie wykazano, ze proba réwnoleglego rozcia-
gania blach spawanych lasem w powiazaniu z pomiarami mikrotwardos$ci daje bardzo dobre in-
formacje o wiasciwosciach spawanych blach.
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stiffnesses of machine tools with rolling guideways

D. SNIEGULSM-GRADZKA, M. KLASZTORNY, M. SZAFARCZYK
Warsaw University of Technology, Narbutta 85, 02-524 Warsaw

The paper develops computer-aided design of reconfigurable/modular machine tools with rolling
guideways, at the stage of conceptual design. The main static and dynamic stiffnesses in the tool—work-
piece area are proposed for assessment of possible configurations of a machine tool. These stiftnesses are
understood as reversals of the main relative compliances of the tool with the workpiece under static and
dynamic conditions. A machine tool is modelled approximately as a multi-body system with spatial linear
viscoelastic interfaces. Dynamic stiffnesses are derived for three harmonic forces coinciding with the
circumferential, feed and passive-pressure components of the tool—workpiece interaction. A computa-
tional algorithm for determining these stiffnesses has been formulated and programmed. The approximate
modelling of a machine tool has been performed for the VENUS 250 NC lathe, designed and produced by
the Centre of Machine Tool Design and Research, CBKO-Pruszkow, Poland. Results of the computations
are presented in the form of dynamic stiffness—frequency diagrams.

Keywords: machine tool, conceptual design, static stiffness, dynamic stiffness

1. Introduction

Computer-aided design of machine tools with rolling guideways (MTRGs) is
commonly applied in modern manufacturing industry. Professional CAx systems, such
as CATIA or UNIGRAPHICS, have some possibilities for evaluating static and dy-
namic properties of a machine tool. However, these systems are too expensive to be
implemented in small design offices and require a lot of expertise from the user—de-
signer. Moreover, a CAD project of the machine tool has to be advanced to apply
these systems.

At the stage of conceptual design, the optimal configuration should be selected
taking into account both manufacturing requirements and static—dynamic properties of
the machine. This decision is vital for achieving a low-cost and rapid design process.
Research centres involved in design of reconfigurable and modular machine tools are
searching for effective methods for assessing various configurations of the machine
tool at the stage of conceptual design [1-3]. Today, after accepting a structural con-
figuration of the machine tool, advanced verifying or optimising computation is per-
formed using FEM [4, 5].

Theoretical and experimental research on machine tools is also undertaken in Po-
land, e.g. [6—10]. Grudzinski and Zaptata [6] developed dynamics of machine tools
with slideways via modifying a classic theory of frictional self-excited vibrations.
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Jastrzgbski and Szwengier [7] applied the hybrid (rigid—flexible) finite element
method to the analysis of static properties of machine tools with slideways. The au-
thors took into account physical non-linearity of the contacting elements, i.e. one-side
elastic characteristics, slide friction, structural clearances and initial clamps. The equa-
tions of static equilibrium are solved in an iterative loop assuming a linear initial
model of the machine.

Bodnar and Schiitte [8] presented a method for experimental determining the static
stiffness and the static friction forces (of a very low value) in rolling guides. They
foud that those characteristics are nonlinear and strongly affected by geometrical er-
rors of the contacting elements. However, they considered only a rolling-contact joint
with a single ball-shaping rolling element.

Konowalski [9] presented experimental values of contact deflections of needle
roller flat cages used in slideway connections of machine tools. The author determined
the static and dynamic stiffness characteristics related to normal contact deflections
and compared them with the catalogue data.

Skoczynski and Krzyzanowski [10] presented a method for evaluating selected dy-
namic properties of lathes, which is based on machining accuracy of test pieces and
desired production tasks. The authors established evaluation indexes that are able to
account for relationships between properties of the machine tool structure and test
piece machining accuracy. However, this approach requires using the machine tool
prototype whose dynamic properties cannot be predicted theoretically.

A research team from University of Michigan, Ann Arbor, USA, has developed
a method for conceptual design of modular machine tools [11, 12]. In this method,
a library of modular sub-assemblies, including stiffness, is used. After designing
a structural configuration satisfying technological tasks, the designer estimates dy-
namic stiffness of the machine tool.

2. A concept of the main static and dynamic stiffnesses of an MTRG

Static and dynamic properties of an MTRG can be assessed with the so-called
static and dynamic stiffnesses, understood as reversals of the relative compliances in
the tool-workpiece area [13]. In this study, six main stiffnesses are proposed for as-
sessing. They are the reversals of the main relative compliances corresponding to three
harmonic forces coinciding with circumferential, feed and passive-pressure compo-
nents of the tool-workpiece interaction. Dynamic compliances result from steady-state
responses of the MTRG to respective harmonic excitations. The main stiffnesses and
compliances of a machine tool are understood according to definitions formulated by
Wrotny [14].

Static and dynamic stiffnesses of an MTRG can be estimated using an approximate
model in the form of a multi-body system with spatial linear viscoelastic interfaces.
Such approach can be performed on a 3D CAD conceptual project of an MTRG.
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3. Approximate dynamic modelling of an MTRG

In this study, the VENUS 250 NC lathe (V250) is analysed as an example of an
MTRG. This machine has been designed and produced by the Centre of Machine Tool
Design and Research, CBKO-Pruszkow, Poland [15]. A structural scheme of the ma-
chine, based on [15], is shown in Figure 1. An approximate dynamic model is as-
sumed in the form of four rigid bodies connected with deformable interfaces, i.e.:

B1 —abed + a headstock frame + a spindle motor + additional masses,

B2 — a longitudinal slide + additional masses,

B3 —a cross slide + a tool head + a tool disk + a cutting tool (CT),

B4 — a spindle + a workpiece chuck + a cylinder sleeve + a workpiece (WP).

The interfaces are modelled as spatial orthogonal sets of linear viscoelastic Voigt
constraints. The V250 lathe has four interfaces, i.e.:

(p) — vibroisolation pads between the bed and the foundation,

(1) — rolling carriages and a ball screw of the longitudinal slide,

(c) —rolling carriages and a ball screw of the cross slide,

(s) — rolling bearings and a driving belt of the spindle.

The remaining assumptions are as follows. A spindle motor and servo-mechanisms
are ideal. The foundation is rigid in comparison to vibroisolation pads.

Each rigid body has 6DOF. Since the displacements are very small, vibrations of
each rigid body are described with 3 translations and 3 rotations, defined in local Car-
tesian coordinate systems, as presented in Figure 1. The local coordinate systems take
into account the slides’ structural slope equal to 35°.

The kinetic energy of V250 is described by a well-known general formula [16]

1.7,

E =—q'Bq, (1)
2

in which

q= COI (ql’qzaq3’q4)’

qi :COl(Qliaq2iaq3iaq4i7CI5i’q6i), i:1=2’3’4= ( ).: d/dt’
B = diag(B,,B,,B;,B, ),

M 0O o0 0 Sxy -5, |
M 0 -5, 0 S. ()
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where: q — vector of generalized coordinates, M — mass, S,,, S,., S.. — static moments;
I, I,, I. — moments of inertia, D,,, D,., D,. — moments of deviation of the in rigid
body in the x;y;z; coordinate system. An algorithm for computations of the geometric
mass characteristics, developed in this study, is based on division of each rigid body
into regular elements (rectangular and triangular plates, cubicoids, cylinders, etc.) and
on Steiner’s theorem. For V250, the B1 body was divided into 43 elements, B3 — into
6 elements, B4 — into 4 elements (see Figure 1). The B2 body was treated as a single
cubicoid.

Four vibroisolation pads supported a V250 lathe; each of the pads is modelled as

a set of three orthogonal Voigt constraints of stiffness values £,k and damping co-

efficients ¢”,c}, respectively in the vertical and horizontal directions. The longitudi-
nal slide is guided by four rolling carriages; each of them is modelled as a set of two
orthogonal Voigt constraints of stiffness values k', k; and damping coefficients c’,c} .
A longitudinal ball screw is modelled as a single horizontal constraint of parameters

k',c! . The cross slide is also guided by four rolling carriages; each of them is mod-

Yy Uy
elled as a set of two orthogonal constraints of parameters & ,k; ,c;,c, . The cross ball

screw, inclined at an angle of 35°, is modelled as a single constraint of parameters
k_,c. . Rolling bearings of the spindle are reflected by two sets (3 + 2) of orthogonal

constraints, located at the spindle axis, of parameters k;,k},k;,c,,c,,c, . The driving

yoCyo
belt is modelled as a single rotational constraint with respect to the spindle axis, of pa-
rameters k,,c,, . Central points of constraints modelling flexible interfaces are marked
in Figure 1 with symbol +.

The elastic strain energy and the damping power of V250 are expressed by square
forms of the well-known general shapes, i.e. (e.g. [16])

E, =%qTKq, @zéchq : 3)

where: K — stiffness matrix, C — damping matrix of a linear dynamic model of a ma-
chine tool. For V250 lathe one obtains the following final results:

K{ +K] +K], K, 0 Kj,
K, +KS KS 0
K = 2 2 53 ’ (4)
K5, 0
symm. K,

with
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I ]
K}l K;z — AT A, k), = diag(k! KLk KL K KK LK),
K21 K22
_K;2 K;3_ T : c c c c c c c c c (5)
c c :AC {k}cAc’ {k}c:dlag(kv’khﬂkv’kh’kv’kh’kv’kh’kx)’
K5 K3
Ko Kil AT A, k), = diagles k0 kS k50 & ).
Ky Ky

The superscripts p, I, ¢ and s describe respective interfaces. The damping matrix C
has a detailed form analogous to the stiffness matrix K; letters K, k, & are then re-
placed with C, ¢, ¢ in Equations (4), (5). Matrices A,, A;, A., A,, determining trans-
formations of the generalized coordinates into the local coordinates of constraints
(shortenings/elongations) in respective interfaces, depend on detailed geometry of an
MTRG. For example, matrix A; for V250 has the form (see Figure 1):

s 0 ¢ ec es—ec —es 0 0 -1 d, d, 0
c 0 —s —es ec+es —ec -1 0 0 0 0 -d,
s 0 ¢ ec es—ec —es 0 0 -1 —-d; d, 0
c 0 -5 —es ectes —ec -1 0 0 O 0 ds
A,=ls 0 ¢ ec es—-ec —-es 0 0 -1 d, -d, 0 |, (6)
c 0 —s —ews egc+es —ec -1 0 0 0 0 -d,
s 0 ¢ ec es—ec —es 0 0 -1 -d; —-d, O
c 0 -5 —es ectes —ec -1 0 0 O 0 ds
01 0 e 0 e, 0 -1 0 0 0 —d,]

with

s =sin35°, c¢=cos35°,

d,=163mm, d, =187mm, d; =13mm,

d,=125mm, d;=125mm, d, =161 mm,

¢, =400 mm, e, =108 mm, e; =268 mm,

e, =1047mm+a, e;=1297mm+a, ¢, =1011mm+a,

e; =862 mm, e; =1060 mm, e, =932 mm.
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Position of the central point of a cutting edge of the CT is determined by two tech-
nological parameters: a — travel of a longitudinal slide, » — radius of machining. A pa-
rameter b=260 mm — r determines a cross travel required before starting machining
(Figure 1).

4. Calculation of the main static and dynamic stiffnesses of an MTRG

A shape and dimensions of WP are designed, provided that travels of the longitudi-
nal and cross slides are not affected by vibrations of the MTRG. In practice, machin-
ing is affected by displacement fluctuations resulting from the WP—CT relative vibra-
tions. These fluctuations can be assessed with the main static and dynamic stiffnesses
generally defined in Section 2.

During machining, there appears the WP—CT interaction which has three compo-
nents (Figures 1 and 2). A circumferential force F. is perpendicular to both WP and
CT axes. A feed force Fyis parallel to WP axis and perpendicular to CT axis. A pas-
sive-pressure force F), is perpendicular to WP axis and parallel to CT axis.

Let us introduce the forces P,, P;, P, varying harmonically in the time ¢ at a unit
amplitude, coinciding with the respective components F,, Fy, F, of the WP—CT inter-
action. Then one can define the main translational/rotational relative compliances of
WP with CT in the respective plane of action of the force, as shown in Figure 2. Dy-
namic stiffnesses are defined as reversals of those compliances, i.e.

EZE’ szi, EZQ’ hai, TrZQ’ R}‘ZQ’ (7)
u, (ov u, (oh u, ¢r

where T,, T;, T, [N/um] — main translational stiffnesses; R,, R;, R, [N/urad] — main
translational —rotational stiffnesses in the WP-CT area; P,=1, P,=1, P,=1 — ampli-
tudes of harmonic forces with physic excitation frequency f=w/2x; u,, us, u.[pm], @,,
on, ¢, [purad] — amplitudes of steady-state responses of the MTRG to the loads

P(t)=Psinwt, P,(t)=P,sinwt, P()=Psinwt, (8)

I3

respectively.

The steady-state dynamic response of the MTRG to each harmonic component of
the WP—CT interaction, i.e.
q(t)z qssinwt+q.cosot, 9)

is determined from a well-known system of algebraic equations (e.g. [16])

[K—a)zB -wC :||:qu|:|:FS:|’ (10)
wC K-0'B|q. 0
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Fig. 2. The main relative displacements for circumferential, feed and passive-pressure
components of the CT-WP interaction

where for V250 (see Figures 1 and 2) we have:

F, = 001(0,0, F,.F, ),

F, =P, -col0.0,-1,a,,a,.0), F,=P,-col(0.0,1,a,.r0)

F, =P, -col(0.-1,0,a,.0,-a,), F,="P,-col(0,1,0,0.0,~r),

F, =P -col-1,0,0,0.~a5,~a,), F, =P -col(1,0,0,0.0,~a,),

a,=218mm, a,=26lmm, a;=107mm, a,=511mm+a.

(11
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For V250 lathe, the main relative translations and rotations in the WP—CT area are
calculated from the following formulae (see Figures 1 and 2)

”v(t): U, SOt +u,, COSWt =Gy + Ayqsy — 433 + 2943 + QG535

(12)

u, (t) = U, SO +U, COSOt =Gy —dyqe —G13 — 43953 — Arqs35

D, (t =@y sinot + Dre coswit = 964 —4e3-

For =0 one obtains the main static stiffnesses in the WP—CT area, with the gener-
alized coordinates computed as a solution of a well-known system of algebraic equa-
tions, i.e.

Kq=F,. (13)

5. Numerical analysis and conclusions

Taking into account the approximate method for dynamic modelling of an MTRG
developed in this study, a computer algorithm has been formulated for calculating the
main static and dynamic stiffnesses of a VENUS 250 NC lathe. Subassemblies B1,
B2, B3, B4 have been divided into regular rigid elements using a 3D CAD conceptual
model of the MTRG [15]. Values of stiffness and damping coefficients of the inter-
faces, taken from the catalogues [17—19] or estimated from the experiments [20, 21],
equal

kP =121 MN/m, £k} =40.3 MN/m, ¢?” =118 kNs/m, ¢} =68.4 kNs/m,

ky =k; =1100 MN/m, kj =k; =637 MN/m, k, =970 MN/m, k{ =900 MN/m,
¢, =c{ =326 kNs/m, ¢, =cj =248 kNs/m, c, =38.2 kNs/m, c{=16.2 kNs/m,
k" =685 MN/m, k, =1020 MN/m, k, =891 Nm/rad,

¢" =2.6 kNs/m, ¢} =4.5kNs/m, c, =0.597 Nms/rad.

A rotational service velocity of the spindle equals 30—4500 rot/min yielding physic
service frequency of 0.5-75 Hz. The main dynamic stiffnesses, derived in a physic
frequency interval f ranging from 1 to 400 Hz, are drawn in Figures 3—8. Higher fre-
quencies are observed only for theoretical recognition. The horizontal lines represent
the main static stiffnesses, while the vertical lines are located at the natural frequencies

of V250. The dynamic stiffnesses were computed for technological parameters a =
400 mm, » = 125 mm.
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Since damping coefficients have only approximate values, the dynamic stiffness—
frequency diagrams are derived for three levels of damping: 1) the main values of
damping set up in this point (solid thick line), 2) the main values increased twice
(solid thin line), 3) the main values decreased twice (broken thin line).
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Solving the eigenproblem, one obtains the first modal system of the MTRG domi-
nated by torsional vibrations of the spindle. The next six modal systems describe
global vibrations of the MTRG resulting from vibroisolation pads’ deformations. The
next modal systems exhibit relative vibrations of the sub-assemblies of V250.

The main dynamic stiffnesses are practically independent of a damping level out-
side the resonance zones. As expected, in the forced resonance zones, dynamic stiff-
nesses are substantially affected by damping.

The results for frequencies >350 Hz are unacceptable from a practical point of
view, since dynamic stiffnesses are close to zero. This results from the simplifications
of the dynamic model of the machine as well as from too light damping at higher fre-
quencies.

The method developed in this study is useful and effective for predicting static and
dynamic behaviour of a machine tool with rolling guideways, for service excitation
frequencies. This method, applied at the stage of a conceptual design, results in a low-
cost and short-time design of an MTRG. However, the use of this method in practice
should be proceeded by appropriate validation experiments.

The method presented in this study can be easily generalized and extended to se-
lected types of reconfigurable/modular machine tools with rolling guideways.
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Przyblizona metoda wyznaczania sztywnoSci statycznych
i dynamicznych obrabiarek z prowadnicami tocznymi

W pracy rozwinigto komputerowo wspomagane projektowanie obrabiarek przeksztalcal-
nych i modularnych z prowadnicami tocznymi na etapie projektu wstgpnego. Aby oceni¢ wia-
sciwosci statyczne i dynamiczne mozliwych konfiguracji maszyny, zaproponowano zbior
glownych sztywnosci statycznych i dynamicznych w obszarze narz¢dzie—przedmiot obrabiany.
Sztywnosci te sa rozumiane jako odwrotnosci gtdownych podatnosci wzglednych migdzy narze-
dziem a przedmiotem obrabianym, odpowiednio w warunkach statycznych i dynamicznych.
Obrabiarka jest modelowana jako uktad wielu ciat sztywnych polaczonych ze soba i z podto-
zem liniowymi wigziami lepkosprgzystymi. Sztywnosci statyczne i dynamiczne wyznaczono
dla sit skupionych przytozonych zgodnie z obwodowa, posuwowa i odporowa sktadowa inte-
rakcji narzgdzie—przedmiot obrabiany. Opracowano i zaprogramowano komputerowy algorytm
wyznaczania tych sztywnoS$ci. Przyblizone modelowanie obrabiarek zostato przeprowadzone
w odniesieniu do tokarki VENUS 250 sterowanej numerycznie, zaprojektowanej i produkowa-
nej przez Centrum Badawczo-Konstrukcyjne Obrabiarek w Pruszkowie. Wyniki obliczen
przedstawiono w postaci wykreséw sztywnosci dynamicznych w funkcji czgstotliwosci wzbu-
dzania.
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Dynamic load tests in bridge management
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The potential application of dynamic test results in the bridge management process is considered. The
classification of the bridge dynamic tests, based on the method of vibration excitation, is proposed and
four main types of tests are distinguished: excitation by traffic, by special vehicles, by force-generating
devices and by means of special techniques. All testing methods are illustrated by examples of the tests
performed by the authors. Special attention is paid to the possibilities of damage detection by means of
monitoring the bridge dynamic parameters. Advantages and disadvantages of the testing methods pre-
sented are discussed taking into account their usefulness in the computer-based Bridge Management Sys-
tems.

Keywords: bridges, dynamic tests, Bridge Management Systems

1. Introduction

Bridge structures are exposed to various dynamic loads, e.g. moving live loads,
time-varying wind loads, etc. The dynamic effects are taken into account while de-
signing bridges and play an important role in the whole life of the structures. The re-
sults of the experimental dynamic analysis carried out for many years offer valuable
information, e.g. [1-6], for comprehensive bridge management. The main methods of
dynamic bridge testing and their potential applications in the computer-based Bridge
Management Systems are presented in Figure 1. Two basic types of bridge dynamic
tests can be distinguished in the classification proposed: structure dynamic response
tests and structure vibration tests.

Dynamic response tests are performed to obtain dynamic characteristics of the
bridges under normal traffic or under special vehicles with controlled parameters.
These types of tests enable the determination of the following parameters:

o stresses and strains in the bridge components — the basic data for fatigue analysis;

¢ a dynamic load factor (dynamic load allowance) — a measure of bridge dynamic
sensitivity;

e vibration frequencies, mode shapes, vibration amplitude and damping under the
live loads.

In the vibration tests, special force-generating devices or other special techniques
are used for the excitation of the bridge vibration. The main goals of this kind of test
are as follows:

e the determination of the natural frequencies of bridge vibration,
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o the identification of the corresponding mode shapes, amplitudes and damping
characteristics of the structure.

The results of both types of dynamic tests include very important information,
which can be used as tools supporting selected elements of the bridge management
process (Figure 1):

e the fatigue analysis based on experimental data;

o the analysis of bridge serviceability taking into account the users comfort (vibra-
tion frequency, amplitude, acceleration, possibility of resonance occurrence, etc.);

o the stiffness analysis (displacements under traffic loads, experimental verification
of theoretical models, etc.);

o the detection of bridge damages based on the identification of changes in struc-
ture dynamic characteristic;

e monitoring of forces in cables (e.g. in cable-stayed bridges) or in other external
prestressing tendons.
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Fig. 1. Dynamic load tests of bridges and their applications in BMS

The characteristics of the bridge dynamic response and bridge natural vibration,
based on the results of experimental tests, can be applied to:

o the evaluation of the bridge condition (conformity with designed dynamic para-
meters, serviceability, dynamic sensitivity, etc.);
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e monitoring the bridge condition based on the systematic control of structure dy-
namic parameters;

e updating the degradation model of the bridge structure;

e the optimization of the planning process in the Bridge Management Systems.

Each of the testing methods considered has specific advantages and disadvantages,
which are discussed below based on the examples of the tests performed by the au-
thors.

2. Dynamic tests under traffic

Dynamic tests under normal road or railway traffic are performed to identify the
dynamic response of the bridge structure to real live loads, e.g. [2]. This type of dy-
namic tests has the following main characteristics:

¢ random nature of loads during the test;

o the vibrating mass of the structure is increased by the mass of the vehicles on the
bridge and the dynamic parameters are determined for such a system;

e vehicles are continuously moving along the bridge, which complicates the iden-
tification of the vibration forms;

e tests can be performed without any disturbances in the normal operation of the
bridge.

up to 300 m
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, experiment

control, data
aquisition and
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Fig. 2. Laser-based displacement measuring system: a) configuration, b) transmitter on the riverside,
¢) receiver located on the bridge tested
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An example of the monitoring of suspension bridge vibration under road traffic is
presented in Figure 2 and Figure 3. Laser-based measuring system applied in this test
[7, 8] consists of the laser transmitter and the position-sensitive receiver connected to
a laptop computer (Figure 2a). The laser transmitter is placed on a solid base outside
the bridge in the distance up to 300 m (Figure 2b) and the receiver is located on the
bridge tested (Figure 2c).
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The position of the laser beam on the sensitive screen is continuously recorded in
two-dimensional space. Vertical displacements of the measuring point in the middle of
the span (Figure 3a) are presented in Figure 3b. The measuring system has been cou-
pled with a camera, which enables the identification of the loads configuration during
the test (Figure 3c).

3. Dynamic tests by means of special vehicles

In many countries, dynamic tests under special vehicles are standard proof load
tests before opening the bridge for use. Heavy trucks or locomotives with controlled
parameters (axle loads, geometry, speed, etc.) are usually used as dynamic loads, e.g.
[5,9, 10, 11]. The most important conditions of this type of test are as follows:

e the main parameters of the dynamic loads are known and can be controlled;

e the vibrating mass of the bridge is influenced by the moving mass of the vehicle
(vehicles);

e the moving vehicles complicate the identification of the vibration forms;

e tests have to be performed without any other dynamic loads of the bridge.

i gt - |
N CES CCCK .{'f{' i

Fig. 4. Arch viaduct A016 over the highway A4 during load tests

The results of the tests of the arch viaduct A016 [11] over the highway A4 (Figure 4)
are presented as an example. Vertical displacements of the measuring points 4 and B,
located on both sides of the deck in the middle of the span, are shown in Figure 5. The
results of the test with normal plain road surface are presented in Figure 5a and
displacements during test with artificial “bump” (height of 3 cm) — in Figure 5b.
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Dynamic load factors for various speed of the truck — based on the experimental
data — are presented in Figure Sc. Five trucks of the same type and the same parame-
ters (axle loads, geometry) were used for each test. Differences within the same test
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are probably caused by the various technical conditions of the vehicles. Higher dy-
namic load factors during “bump” tests show the sensitivity of the structure to the

damages of the road surface (e.g. pot holes).

4. Vibration tests using periodic excitation

Vibration tests are conducted mainly by means of force-generating devices, e.g. [1,
4, 12]. The application of a mechanical vibration exciter enables:

e controlling the frequency of the excita-
tion force;

e a free selection of the excitation force lo-
cation on the structure tested;

e an identification of the resonance fre-
quency while scanning the wide range of the
excitation frequencies (mass of the force-gen-
erating device can be neglected);

e keeping the structure tested in a steady-
state under defined conditions of excitation,
including resonant vibration;

e repeatability of the excitation parameters,
even after a long time;

e casy transport of the set-up for test exe-
cution and short time of disturbances in the
traffic during the test.

In last few years, two types of the force-
generating devices were constructed and tested
at the Institute of Production Engineering and
Automation and the Institute of Civil Engi-
neering of the Wroctaw University of Tech-
nology [6, 13]:

1.Vibration exciter based on the rotation of
the unbalanced masses for the frequency be-
tween 0 and 15 Hz.

2.Inertial exciter for lower frequencies, be-
tween 0 and 5 Hz.
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Fig. 6. Procedure of bridge initial testing by
means of the vibration exciter

Up to now twelve various types of bridge structures have been tested by means of
the exciters. Taking into account accumulated experience, two procedures of the
bridge vibration tests have been proposed: preliminary test used for new bridges and
monitoring test for bridge structures under operation.

The proposed procedure of initial testing of a new or rehabilitated bridge by means
of the vibration exciter is presented in Figure 6. The main steps of the test are ex-
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plained by the example of the footbridge B027 [12] shown in Figure 7. They are as
follows:

e a theoretical analysis of the structure (FEM) to define natural vibration frequen-
cies and the corresponding mode shapes;

¢ the determination of the most effective position of the vibration exciter on the
tested bridge and selection of the measuring points;

e experimental detection of the resonance frequencies and measurement of the
corresponding dynamic parameters; vertical displacements of the bridge deck are pre-
sented in Figure 8a and the results of the frequency analysis for excitation frequency
of 4.27 Hz — in Figure 8b;

e the comparison of the experimental and theoretical data and storing the dynamic
parameters of the structure in a computer-based BMS as a basis for the future tests.
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Fig. 7. The footbridge B027 tested over the highway A4
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The vibration tests are especially useful for monitoring of bridge condition. The
systematic control of changes in the dynamic parameters enables detection of bridge
condition changes. The testing procedure proposed is presented in Figure 9. The pro-
cedure is illustrated by the destructive test of the composite bridge D010 on the high-
way A4, shown in Figure 10.
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Fig. 8. Vibration test of the footbridge B027: a) vertical displacement of the deck and the calculated
and measured vibration frequency and mode shape, b) vibration exciter on the tested
structure and the results of the frequency analysis

In the first step, the bridge has been tested according to the procedure presented in
Figure 6 to define the dynamic characteristic of the structure without damages. In the
next step, one of the steel girders has been cut (Figure 11a) and the vibration tests
have been conducted in the following sequence for each level of damage severity:

o the excitation of the bridge with the resonant frequency determined for the struc-
ture without damages;

o the determination of changes in vibration amplitude and mode shape due to the
damages introduced;

o the determination of changes in the resonant frequency of the damaged structure;
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e the measurement of the vibration amplitude and mode shape for new resonant
frequency of the bridge.
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Fig. 9. Procedure of bridge condition monitoring by means of the vibration exciter

The damages affect the amplitude of the bridge vibrations. Figure 11b presents the
relationship between the severity of the damage (diminishing of the span stiffness) and
the amplitude of vibrations. The results presented have been obtained for constant fre-
quency of excitation and equal resonant frequency of the structure without damages.
Amplitude of 0.25 mm for the structure without any damages diminished to 0.16 mm
and to 0.04 mm for 12.7% and 19.5% stiffness reduction, respectively.

Changes of the resonant frequencies for two levels of reduction of the span bending
stiffness are presented in Figure 11c. For the structure without any damages the fre-
quency is 12.12 Hz and diminishes to 11.77 Hz (in the case of 12.7% stiffness reduc-
tion) and to 11.07 Hz for 19.5% stiffness reduction.
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The analysis of the test results shows that vibration amplitude of the structure
tested is more sensitive to the damages considered than the resonant frequency.
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5. Special techniques in dynamic testing

Sometimes individual requirements of the bridge test need the application of a spe-
cial technique of structure excitation. The excitation force, usually of the impulse na-
ture, can be produced by:

¢ a sudden release of the deflection applied,

e stopping of heavy vehicle,

e dropping a mass on the structure tested, etc.

Special excitation methods can be, for instance, effectively applied in controlling
the internal forces in the cables of the cable-stayed bridges. As an example, the se-
lected results of the tests of the Swigtokrzyski Bridge over the Vistula River in War-
saw (Figure 12a) are presented. The sudden release of the deflection of the cable (Fig-
ure 12b) was used for the vibration excitation. Free vibrations of the tendon tested
were measured by means of the set of accelerometers placed on the cable (Figure 12b).
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Fig. 12. Cable-stayed bridge over the Vistula River in Warsaw: a) pylon and cable system,
b) cable deflection applying c) accelerometers in the middle of cable length

Results of two tests of the cable No. 7S (south) performed before opening the
bridge to traffic [10] are presented:

o the vibration tests of the cable before the static tests (no live loads on the bridge);

o the vibration tests during static proof load of the main span 4-5.

First measured frequency f; of the cable vibration is presented in the Table. The
axial force Syin the cable was calculated on the basis of the frequency by means of the
formula:

sz(fl)z'4'g'(Lf)2a (1)

where:
S; — the cable force [N],
1 — the first frequency of cable vibration [Hz],
g — the mass of the cable [kg/m],
L;— vibrating length of the cable [m].
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Table. Tests of the cable No. 7S of the Swigtokrzyski Bridge over the Vistula River in Warsaw

Experimental results FEM analysis
Bridge load First measured frequency of Calculated cable Cable force S,
vibration f; [Hz] force S, [kN] [kN]
Dead load 1.282 4291 3995
Dead load and proof 1416 5935 5003
load on span 4-5 ’

Mass of the cable tested (190 wires, each 7 mm in diameter) was g = 69.58 kg/m.
Effective vibrating length of the cable was determined as L,= 96.86 m taking into ac-
count the real prestressing force measured by the hydraulic jacks GP500 during the fi-
nal stressing of the cable. Details of this procedure applied by the BBR Stahlton AG
are presented in [14]. Total length of the cable tested (distance between anchor plates)
was L =98.91 m.

Accelerations perpendicular to the cable axis recorded during the test are shown in
Figure 13a. Comparison of the results of the frequency analysis for bridge with no live
load and for bridge with the proof load on span 4-5 is presented in Figure 13b.
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The cable forces S, based on the experimental tests are compared in the Table with
the results (cable force S,) of the finite element analysis of the structure [15]. The dif-
ferences range from 4.5 % to 7.5 % and the conformity seems to be satisfactory.

6. Conclusions

Wider experience in dynamic testing of bridges and — on the other hand — needs of
more and more efficient methods of bridge management enable the formulation of the
following conclusions:

e all considered types of the bridge dynamic tests offer valuable and often unique
information which can be used in bridge management;

e various excitation methods and advanced measurement technologies enable pre-
cise recording and analyzing the bridge vibration phenomena;

e the dynamic parameters of the bridge structures are sensitive to the structural
damages and allow the detection of the damages which are difficult to identify by
means of the other methods;

o the systematic monitoring of the changes in bridge dynamic characteristic can be
a useful tool for evaluation of structure condition;

¢ the dynamic tests considered are relatively inexpensive and cause minimal distur-
bances of the traffic;

o the utilization of the dynamic test results in the Bridge Management Systems
needs standardization of the test procedures and measurement techniques to make all
the results comparable;

e the unified interpretation of the test results can be ensured by the creation of the
specialized knowledge-based expert systems.
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Zastosowanie wynikow dynamicznych badan konstrukeji w zarzadzaniu mostami

Omowiono potencjalne mozliwosci wykorzystania wynikoéw dynamicznych badan kon-
strukcji w procesie zarzadzania mostami. Zaproponowano podzial dynamicznych badan mo-
stow w zaleznosci od metody pobudzenia drgan obiektu. W klasyfikacji tej rozrézniono bada-
nia z zastosowaniem czterech rodzajow wymuszen dynamicznych: ruch eksploatacyjny, po-
jazdy specjalne, urzadzenia generujace drgania oraz specjalne techniki wymuszen. Poszcze-
gblne metody badan zostaty zilustrowane przyktadami testow przeprowadzonych przez auto-
row. Szczegdlng uwage zwrdcono na mozliwosci wykrywania uszkodzen obiektow mostowych
przez monitorowanie ich cech dynamicznych. Omoéwiono zalety i wady prezentowanych metod
badan pod wzgledem ich uzytecznosci w komputerowych Systemach Zarzadzania Mostami.
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Impact of thermal effect on the results of plastometric tests

E. HADASIK, A. PLACHTA, K. MOKRYNSKI
Department of Process Modelling and Medical Engineering, Silesian University of Technology

K. KUBIAK,
Department of Material Science, Technical University in Rzeszow

The influence of the temperature rise of a sample on relationship between the flow stress and strain
determined in a hot torsion test was evaluated. Measurement of temperature was performed for samples
of austenitic steel 0H18N9 and titanium alloy WT22 deformed at temperature of 900 °C at a rate of 10,
100 and 1000 rpm with partial radiation pyrometer and a thermovision system. It was proved that the
temperature variations depended on the rate of torsion, which was related to the reaction of the plas-
tometer temperature control system. An increase in the temperature recorded with thermovision camera
was by 50% bigger than that recorded with a light pyrometer. This was due to the location of deformation
area, which was different than that measured by pyrometer, being located in the middle of sample refer-
ence length. Since the local temperature rise differed up to 140 °C from preset temperature, a need for
correction of the flow stress was indicated. The corrected values of flow stress, due to temperature varia-
tions, showed the differences up to 25% compared to non-corrected values of the flow stress.

Keywords: characteristics of plasticity, torsion test, correction of torque

1. Introduction

The temperature of sample during hot torsion test is subjected to constant variation
and depends on the value of the flow stress o, the value of the strain ¢, and on the
thermal capacity and conductivity, as well as on the material susceptibility to harden-
ing which determines location of strain. During the hot torsion test the work of defor-
mation is converted into thermal energy, thus rising the temperature of material. Due
to a rise of temperature the measured value of flow stress is lower than the value of
true stress at the temperature of test [1]. A heterogeneity of strain appearing during the
torsion test is responsible for the localization of strain. The local, unstable strain is in-
duced very rapidly, while the torsion rate remains constant. Therefore, it can be as-
sumed that this process must bring about a big, local rise of temperature, which may
lead to dynamic structural changes. Hence, a measured flow stress is lower than a true
stress at a given temperature, and the effect of temperature increase becomes so sig-
nificant that the correction should be introduced into the flow stress diagram to ac-
count for variation of temperature during deformation [1-4]. In this paper, there is
presented a local temperature increase achieved by means of Infometric 960 B ther-
movision system and a standard equipment of torsion plastometer, a partial radiation
pyrometer, TMR 95-d Mauer Optoelektronik type. A method for correction of flow
stress value, accounting for variations of temperature during deformation, is proposed.
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2. Method of testing

A titanium alloy WT22 and an austenitic steel OHI8N9 of chemical composition
as specified in Tables 1 and 2 were tested.

Table 1. Chemical composition of austenitic steel OH18N9

Content of element (mass %)

C Cr Ni Mn Mo W P S Cu Al

0.028 18.40 8.90 0.187 0.27 0.16 0.036 0.012 0.10 0.027

Table 2. Chemical composition of titanium alloy WT22

Content of element (mass %)

Fe Al Mn Cr \ Mo

0.89 4.72 0.02 0.86 4.60 4.30

The plastometric examinations were carried out with torsion plastometer at the De-
partment of Process Modelling and Medical Engineering of the Silesian University of
Technology [5]. Prior to torsion, the samples were heated up to temperature of 1150 °C
and kept at this temperature for 180 seconds, then cooled down to the torsion tem-
perature of 900 °C. The torsion was carried out with a rate of 10, 100 and 1000 rpm un-
til a fracture appeared. At the time intervals A T, the measured data, i.e. the torque M
[Nm], the axial force F' [N], the temperature 7 [°C], the number of twists N [rot] and
the time 7 [s], are recorded in digital form by measurement system of plastometer into
the text files. Next, they are introduced into Excel program sheet to be processed by
filtration, clipping, thinning and smoothing with the Matlab software. While smooth-
ing the data by means of spline function, a special graphic interface comprised in
Spline Toolbox package has been utilized.

The temperature is automatically controlled by temperature regulator connected to
pyrometer. This was pyrometer of partial radiation fitted with light beam localizer,
enabling precise adjustment of measuring head and estimation of the size of measured
area [5]. A uniform distribution of temperature along the sample length is achieved by
use of appropriate geometry and spacing of inductor coils [6]. Application of Infomet-
ric 960 thermovision system [7] allowed recording in real time the temperature distri-
bution along the measured length of twisted sample.

Based on temperatures recorded by thermovision camera and pyrometer, the cal-
culations of temperature increments AT of twisted sample in a given torsion tempera-
ture were performed in the function of strain. The strain ¢ is defined by the following
formula [4]:

2 wRN
Szﬁ I (D

where:
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R —radius of sample [mm)],
L — measured length of sample [mm],
N — sample rotations [rot.].

The flow stress g, [MPa] was determined from the relationship accounting for the
effect of hardening /weakening/ p and material response to the strain rate m:

sz
| -

(3+p+m)2+[n' -

B

o
p 2-1-R?

2

3. Results of tests

Figure 1 presents the dependence of temperature and torque on the number of
twists obtained during torsion at a given temperature of 1000 °C and diversified tor-
sion rate. Measurement of temperature was carried out with pyrometer over the whole
cycle of sample torsion. At a low torsion rate i#: = 10 rpm the temperature value
oscillated about a preset value due to temperature control system. Such oscillations of
temperature are reflected in an oscillatory course of torque. At an intermediate torsion
100 rpm an increase in temperature due to conversion of deformation work
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Fig. 1. Dependence of temperature and torque on number of twists for various torsion rates.
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into a heat lasts until its peak value is reached, and then it drops to a preset value. This
results from the reaction of control system, which would require for activation a
specific increase of temperature and time. The drop of temperature results in an
increase of torque value. At a high torsion rate i = 1000 rpm, with the torsion time
until the fracture occurrence being about 1 s, the control system could not have time to
respond to temperature variations. Within this range of speed there is observed a con-
stant rise of temperature during torsion.

An example of temperature distribution along the length of twisted plastometric
sample obtained with thermovision camera is presented in Figure 2. In Figure 2a and
b, there are shown the rises of temperature measured with pyrometer and thermovision
camera during twisting the samples of WT22 alloy (Figure 2a) and an austenitic steel
OH18N9 (Figure 2b) at the moment of sample fracture. Along with an increase of ro-
tational speed a local rise of sample temperature is observed, while the temperature
rise recorded by thermovision camera is by about 50% bigger than that recorded by
optical pyrometer. A gradient of temperature rise AT is due to the fact that the point of
strain imposing would not necessarily coincide with the measuring point of pyrometer.
A local rise of temperature at high rotational speed of 1000 rpm can approach even
140 °C, which would require a correction of the flow stress value, since an essential
diversification of temperature relates also to small strains (Figure 3a and b).

a) WT22 b) OH18N9

AT,®
@ Pyrometer
B Thermovision

10 100 1000 10 100 1000
rotational speed, rpm rotational speed, rpm

@ Pyrometer
@ Thermovision

Fig. 2. Temperature rise AT recorded with pyrometer and thermovision camera at the moment when
a sample is fractured for WT22 alloy (a) and austenitic steel 0H18N9 (b). 7'=900 °C

The correction of flow stress value, accounting for diversification of temperature
during torsion, was calculated from the relation:

o'=c+Aoc’, 3)
where:
Ac'=0(e,6,T)-0o(e,&,T+AT), 4)

thus:
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Ac'= AgBexp(Cg)éDexp(g) - AgBeXp(Cg)éDexp(

T+AT}

A=1.699; B=0.0785; C=-0.355; D =0.203; E =4005.976 (WT22),
A=2.092; B=0.0931; C=-0.077; D = 0.156; E = 4250.638 (OH18N0O).
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Fig. 3. Temperature rise AT recorded with thermovision camera and optical pyrometer during
torsion of the sample of titanium alloy WT22 (a) and austenitic steel OHI8N9 (b) at the

temperature of 900 °C and the a rate

1000 rpm

The corrected and uncorrected course of flow stress relation to the strain due to dif-
ferentiation of sample temperature is presented in Figure 5. At low torsion rates both
the rises of temperature (Figure 2) as well as diversification of stress—strain relation
(Figure 5a) are insignificant. Along with the rise of rotational speed the local tem-

perature rises are bigger and bigger, achieving even 140 °C (Figure 3) at

rpm. Introduction of correction of the flow stress—strain relation at high torsion speeds
is then indispensable (Figure 4b and c). Correction of the course of flow function pro-
duces the changes in the values of peak flow stress o,m.x shown in Figure 5a and b.
The differences in o,m.x range from several up to 25% (Figure 5a).
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Fig. 5. Values of peak flow stress o,y corrected and uncorrected due to temperature differentiation for
WT22 alloy (a) and 0H18ND9 austenitic steel (b), depending on rotational speed

4. Summary

Measurements of temperature made by pyrometer or thermocouple depend on
a point lying at the surface or inside of sample. Because of the strain diversification
along the length of the twisted sample, the maximum thermal effect and related tem-
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perature rise of sample are located at a point of the peak strain. As this place has no
fixed location, the measurement of maximum temperature value is possible by means
of thermovision equipment, which can record the temperature along the whole length
of the sample. Since the values of torque and accompanying strain depend on the sec-
tion of sample with the highest temperature, this (maximum) temperature will allow
a univocal evaluation of flow stress value. For a correct representation of the relation
o, = f(e) it is indispensable to know the local strain in the area corresponding to the
area with the highest temperature. In the section of twisted sample, where a maximum
temperature effect along with accompanying strain concentration occur, there appears
also an increase of strain rate. Finally, besides the correction accounting for differen-
tiation of temperature there is also required a correction accounting for strain rate. An
adequate explanation of these phenomena would require further research.
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Wplyw efektu cieplnego na wyniki badan plastometrycznych

Oceniono wpltyw przyrostu temperatury probki na wyznaczona w probie skrgcania na go-
raco zalezno$¢ naprezenia uplastyczniajacego od odksztalcenia. Pomiaru temperatury doko-
nano dla probek ze stali austenitycznej OH18N9 i stopu tytanu WT22 odksztatcanych w tempe-
raturze 900 °C z predkoscia skrecania 10, 100 i 1000 obr/min za pomoca pirometru czgscio-
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wego promieniowania oraz systemu termowizyjnego. Wykazano, ze zmiany temperatury istot-
nie zaleza od predkosci skrecania, co ma zwiazek z reakcjq systemu regulacji temperatury pla-
stometru. Przyrost temperatury rejestrowany kamera termowizyjna jest o ok. 50% wigkszy od
przyrostu rejestrowanego pirometrem optycznym. Przyczyna tego jest miejsce odksztalcenia
inne niz miejsce pomiaru pirometrem znajdujace si¢ w polowie dlugosci bazy pomiarowej
probki. Poniewaz réznice w lokalnych przyrostach temperatury siggaja 140 °C w poréwnaniu
z temperaturg zadang, wskazano na konieczno$¢ korekty napre¢zenia uplastyczniajacego. Roz-
nice w skorygowanych warto$ciach naprgzenia uplastyczniajacego z powodu zrdznicowania
temperatury dochodza do 25% w poréwnaniu do nie skorygowanych warto$ci naprezenia upla-
styczniajacego.
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Abstract: Based on theoretical analysis of argillaceous rock digging process by bucket wheel
excavator, results of laboratory research and former tests, which were carried out in foreign
and domestic research centers, the new type of exchangeable padded teeth for buckets of wheel
excavators was developed. These teeth are especially fitted for digging of overburden in open
cast mines with dominant hard diggable, highly abrasive formations (boulder clay with stones,
quartz sands, silts). The experimental verification of the developed teeth construction was car-
ried out under the field operation conditions. The above construction has many advantages, the
most important being its durability by 102% higher compared to formerly used padded teeth,
by 26% higher compared to casting teeth (which are also more expensive) and reduction of
digging resistance. The construction has been introduced to production in Konin Open Cast
Lignite Mine. After implementation, considerable economic effect has been obtained.
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The monograph contains: 133 pages, 79 figs, bibliography: 90 items
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Abstract: The research presents the influence of material of the wall in a lubrication conduit on
the resistance of flow of greases in the boundary layer. The greases that were tested in all ex-
periments showed considerable changes in the shear stress of the greases near the boundary
layer, which has been proved for different types of materials.
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Professor Dionizy Dudek
Date of PhD thesis presentation: March 4™, 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The monograph contains: 163 pages, 157 figs, bibliography: 115 items
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Abstract: The hypothesis of three-dimensional air spring performance is presented. It does not
include a diagonal of rigidity matrix only. An important effect of it on the response of trans-
verse force of air spring is shown as well. Diagonal can be calculated only experimentally be-
cause of a complicated character of the co-operation between coat of spring and its edges.
During design step it is necessary to use, e.g. FEM (Finite Elements Method), but in this case,
many difficult numeric problems should be solved as is shown by a simple example.
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The monograph contains: 148 pages, 123 figs, bibliography: 88 items
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Abstract: The purpose of the dissertation was to estimate the object effort state under the action
of thermal loads. Nowadays there are a lot of methods which give the possibility of estimating
the effort state of the objects working at high temperatures. There exists a great need to verify
the correct strength of the new type of constructions, as well as of the objects that are still run-
ning. Therefore a broad aim of the dissertation was to develop an original method for state of
stress determination in the objects at high temperatures.

Such integral experimental methods as the numerical methods and measurement were used.
They were based on computer systems that used the finite elements method. The well-known
measurement methods, i.e. thermovision and extensometers, were applied.

Achievements of modern computer technology and the advanced calculation methods in
the professional CAD systems made it possible to develop this kind of methods. The big
advantage of this method is the possibility of using it for the object with small geometrical
dimensions; for instance: for the part of the coating of generator’s turbine, as well as for the
object with developed geometrical form, i.e. power boiler or power boiler supporting structure.
The calculation models of the real objects that work under thermal load conditions were
carried out in order to verify the efficiency of the method application. The sequence of
numerical calculation and the experimental research were carried out as well.
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Supervisor: Professor Zbigniew Klos
Promoting Council: Council of Mechanical Faculty, Institute of Machines Design and
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Professor Jerzy Markisz
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Date of PhD thesis presentation: February 25", 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The monograph contains: 167 pages, 51 figs, bibliography: 106 items
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Abstract: The monograph deals with the problem of quantitative evaluation of the impact of
mechanical objects in their life cycle on environment. The dissertation appears as a
contribution to the enrichment and the dissemination of knowledge about transformation
consequences in
a technosphere. Its main purpose originates from the desire to create quantitative determinant
of the relation between the machine and the environment. The first part of dissertation, which
refers to the background of the problems shown, emphasizes the importance of scientific world
perception integrity. Hitherto existing ways of describing machines and appliances have been
analysed. Among other things some types of classification, quantitative and qualitative charac-
teristics and specification of life cycle stages have been highlighted. The attention has been
paid to the necessity of including the environmental life cycle aspect in mechanical object
characteristics. The next section contains the identification of the environmental influences
typical of life cycle stages, which is based on system formulation of machine as an element
taking part in the matter, energy and information circulation. The legal regulations and
technical norms connected with environmental impact of mechanical objects have been
gathered. In this way, the basis for the environmental feature of machines and appliances
statement has been created. In order to bring useful features of dissertation into relief, the
application possibilities of environmental feature of mechanical objects have been revealed.
Also, the attempt to generate the environmental classification of machines and appliances has
been undertaken. To conclude the research results, the guidelines for the further studies have
been suggested.
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Date of PhD thesis presentation: October 14", 2003
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The monograph contains: 245 pages, 204 figs, bibliography: 52 items
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Abstract: General task of the work was to derive the reciprocal relationships between the
damping properties of hybrid air spring, i.e. air spring filled with porous material, and the
properties of conventional system, i.e. air spring without or with external rigid reservoir, and
also mechanical properties of filling porous material.

Final results are as follows:

e Porous filler in air spring increases dynamic stiffness and the coefficient of dissipation of
energy of air spring in its two configurations: with an external rigid reservoir or without it.

e Porous filler in air spring has effect on the changes in dynamic stiffness and the coeffi-
cient of dissipation of energy, depending on type of the filler, air spring configuration and the
changes of pressure.

e The structure of the filling porous material decides on an increase in the coefficient of
dissipation of energy in air spring configuration without external rigid reservoir.

e In air spring configuration with external rigid reservoir, the structure of filling porous
material decides on an increase in the coefficient of dissipation of energy.

e In the research, an original method of selecting the foams for air spring filling was devel-
oped.

o This method of foam selection can be extensively used in practice, i.e. in vehicle industry.
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Abstract: There are numerous methods for prediction of fatigue life of load-carrying structures
of machines and vehicles. However, many fatigue failures of those machines show that we still
need to develop the methods for evaluating fatigue life during design process. The most im-
portant reason for appearing fatigue cracks problem with estimating stress or strain state in the
elements investigated and the load to which they are subjected. It is also important that 3-di-
mensional residual stresses are neglected. The utility aim of PhD is to work out a new method
for prediction of fatigue life of load-carrying structures of machines and vehicles based on
advanced numerical methods (finite element method) and experimental tests.
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Title: Influence of stabilization system on bone structure displacements
in human cervical spine (in Polish)
Wplyw systemow stabilizacji na przemieszczenia struktur
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Author: Sylwia Szotek
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The monograph contains: 213 pages, 172 figs, bibliography: 147 items
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Abstract: The aim of the research was to analyse biomechanical conditions for different cervi-
cal spine stabilization used in operation treatment. The tests were performed in order to com-
pare the changes of the displacement nature in cervical vertebrae in the case of their stabiliza-
tion with bone graft only and with the bone graft with stabilizing on plate implanted from
frontal access. A relatively wider range of the displacement of the vertebrae in the area of the
stabilized movement segment of the spine after the implantation of the implant was shown.
The tests were carried out with use of both animal and human specimens under different load
conditions that simulated physiological situations. Peak values of forces and load moments,
global displacement values for the whole tested spine section and their angular displacements
were taken as measuring parameters. A separate testing task, very important in the meaning of
cognitive and application aspects, was an analysis of the method of occipito-cervical
stabilization made from a surgical back access. Innovative solutions of occipito-cervical
stabilizers of Polish production were tested. In these tests, the following laser methods were
employed: electronic speckle pattern interferometry (ESPI) and holographic interferometry.
The results of these tests allowed assessing the influence of geometric and resistance
parameters of the tested occipital bone specimens on a displacement distribution under
different load conditions applied to the implanted stabilizer. Based on a CT an importance of
the choice of a proper implantation place and accuracy of the implantation of the occipital
bone-stabiliser connector was indicated.
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Abstract: The main aim of the paper was to determine a relationship between shear strength of
filter cakes and saturation. A new apparatus (direct shear cell) was designed and implemented
for this purpose. The experiments were carried out with the apparatus using limestone powder
and sphere glasses as a material tested. Results were obtained for real filter cakes of different
saturation and showed the influence of saturation on shear stress at failure and tensile strength.
This relationship was represented by a mathematical model, which was tested.
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Abstract: Dynamic properties of the air spring—pipe—auxiliary reservoir system have been
studied. Pipe is used in order to connect the air spring to auxiliary reservoir if there is no space
to mount the reservoir close to the air spring or sometimes in order to connect two air springs
in the bogie which increases rolling damping. Models of different complexity describing the
pneumatic suspension systems and their dynamic characteristics have been presented. The the-
sis: “Modelling the pipe as a lumped system allows describing the dynamic properties of the
system: air spring—pipe—auxiliary reservoir” have been taken. The model proposed is based on
the Krettek—Grajnert thermodynamic model of the air spring. Model of the pipe divided be-
tween chambers with differential equation describing the mass flow was added. To verify the
model an experiment was carried out. FD 40-10 Continental air spring connected to auxiliary
reservoir by pipe was the system tested. Pipe diameter and length, reservoir volume and nomi-
nal pressure were changed. The tests showed that the model presented describes better the dy-
namic properties of system studied than the known models.
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Abstract: Physical and finite element models of a general shell structure prestressed with ten-
dons are constructed. Friction between tendons and ducts as well as the tendon slip are taken
into account. Geometrical linearity is presumed but nonlinear constitutive relations are
allowed. The contact problem due to friction accounts for additional non-linearity.

In the present formulation, contrary to the commonly used load-equivalent concept, the
prestressing force is introduced in accordance with the real phenomenon, i.e. either by loading
the end of a tendon or by elongating the tendon or by inducing initial axial forces in the
tendon. The equilibrium equations are derived from the principle of virtual work in which the
energy dissipated by friction is accounted for.

The embedded approach is used to formulate the discrete model of a prestressed shell. The
concept of a hybrid element is introduced which stands for a parent element together with all
embedded tendon elements. A shell-tendon hybrid element is described in detail. Other types
of hybrid elements such as beam-tendon and volume-tendon elements are briefly discussed.
The embedded tendon element presented in the paper can be used as a model of all types of
reinforcement including pretensioned, and posttensioned, bonded, and unbonded as well
regular one.

For the numerical solution of the discrete model equations, an algorithm, which handles
nonlinearity and variation of boundary conditions caused by friction, is presented. The correct-
ness of the algorithm has been thoroughly validated. Three numerical examples are presented
in the paper. Some of the results are compared to analytical solution. Good agreement in the
case of the tested types of hybrid elements is observed proving the usefulness and versatility of
the hybrid element concept.
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Abstract: The influence of different admixtures and pitch-based fibres on rheological and me-
chanical behaviour of HPFRC was investigated. There are presented test results concerning the
effect of “pitch” carbon fibre reinforcement (Vi = 0—2.5%) of cement pastes and mortars with
water/binder ratio w/b = 0.3. For mortars three kinds of sand were used: with grain <1, <0.5
and <0.25 mm in such a proportion to maintain similar contact surface between the sand grains
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It was confirmed that the addition of fly ash and silica fume enable obtaining a homogene-
ous distribution and orientation of fibres. The maximum fibre volume that can be correctly
dispersed is related to the initial rheological properties of the mortar. It may be determined by
the rheological tests. A rapid increase of yield value (g) after exceeding that characteristic
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tained due to multiple cracking, the crack propagation was only slightly controlled by the fi-
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amount of sand, and enhanced by addition of fly ash. In the mortars, the reinforcing effect was
smaller than in the pastes and various causes of reduced influence of the fibres on crack propa-
gation in these two kinds of composites are discussed.
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