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Analysis of redundant trajectory generator’s accuracy

ANTONI GRONOWICZ, SLAWOMIR WUDARCZYK
Institute of Machine Design and Operation, Wroctaw University of Technology
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

A planar mechatronic system with three degrees of freedom (a link mechanism having a closed
structure and controllable drives) can execute any trajectory. Owing to the third drive the workspace is
increased, but at the same time the problem of selecting driving functions for the execution of a particular
trajectory arises. This paper deals with the effect of drive setting accuracy on the deviations in the execu-
tion of workspace points. A possible way of optimising the deviation of trajectories is shown. The accu-
racy of an illustrative system’s work is analysed.

Keywords: kinematics, mechatronic system, path optimization, workspace

1. Introduction

The demand for adjustable systems which would execute a whole range of trajecto-
ries on a given plane can be met by the systems with two degrees of freedom. Such
systems can have a series, parallel or mixed structure [1]. Aplications involve consid-
erable loads or high speeds resulting in strong body forces, and so parallel-structure
systems are suitable.

The simplest parallel systems for executing trajectories are based on a pentagon —
a system of five links joined by couples of revolute or sliding pairs. Such systems can
execute any trajectory within the attainable workspace whose size and shape are de-
termined by the dimensions of the links and the motion range of the driving links. The
systems have two major limitations which reduce the range of their possible applica-
tions, i.€.

o the relatively small workspace in comparison with series systems,

o different point position deviations for different workspace points at the same
drive setting deviations.

The limitations can be overcome by employing systems with three degrees of free-
dom. By introducing the third degree of freedom the size of the workspace increases
considerably. Furthermore, a specified workspace point can be realized using different
system configurations, and by selecting the most advantageous configuration one can
improve the accuracy with which the trajectory is executed. But such a modification
results in greater complexity of the system, i.e. in an additional controllable drive.
Some examplary designs of such systems are shown in Figure 1. When making up the
sets of kinematic schemes it was assumed that the drives are located as close to the
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frame as possible and there are no more than three sliding pairs in the system. Each of
the systems is characterized by different kinematic and dynamic properties.

General scheme Kinematic schemes - examples

7 7

e 7

Z L7227 _ 7zp_ |

Fig. 1. Kinematic schemes of the systems with 3DOF for executing trajectories

In this paper, a system with three drives (shown in a frame in Figure 1) is analysed.
A kinematic model is presented and then applied to the analysis of the workspace’s
shape and the effect of the particular system configurations on the accuracy of trajec-
tory execution.

2. Description of system 4RTR

The system is shown in Figure 2. Point K of link 3 is to be moved along trajectory
L. This requires proper driving motions u;, u, and u; effected, for example, by means
of electric motors s; and s, coupled with harmonic drive for motions u; and u, or mo-
tor s3 with a screw gear for u;. In geometrical terms, we are dealing with pentagon
ABCDE whose sides 4B and ED change their directions and the latter side can also
change its length. It is apparent that the values of the coordinates of point K depend on
the geometrical dimensions of the particular links and the values of motions u;. The
deviations of coordinates A xg, Ayx of point K from the nominal values are due to such
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factors as: clearance in the kinematic pairs, clearance in the gears and the flexibilities
of system elements, but are mainly determined by the deviations of driving motions
Au;. In many cases, deviations from assumed trajectory ux can disqualify a particular

Fig. 2. Pictorial diagram of trajectory-executing system

system from a certain group of applications. They also ought to be taken into account
when formulating requirements for the control system and the quality of the drives.

2.1. Kinematic relations

The absolute (Cartesian) coordinates’ method, in which the i-th link is assigned
a local system of coordinates x; y;, is used to describe the kinematics. The position of
the i-th local system is equivalent to the position of the i-th link in global system x y.
The motion of the i-th coordinate system is described by vector q; whose components
are:

T T
qi:|:xi Vi ‘91} z{rz‘T ‘91} >

where:
X;, y; — the coordinates of the origin of the i-th local system in global system x y,

0. — the angle of orientation of the i-th local system relative to global system x, yy.
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The motion of all the links of a system consisting of #» movable links is described
by vector q

T
q{q? q .. qﬁ} : (1)

In order to determine all the components of vector ¢, an appropriate number of
equations must be formulated. For this purpose equations of constraints, which follow
from joining the links into kinematic pairs (equations ®”) and from driver motions
(equations @), are used. As a result the following vector of algebraic equations [2] is
obtained:

®(q,t)= {q)z(q) } =0. (2)
@ (q,1)

For the system considered (Figure 3) the variables of vector ® are:
o the vector of the dependent variables

A=y %00 x300, x 3,0, xy1; (3)
o the vector of the independent variables

qc =[u, u, u3]T, where u,=0,, u,= 0s, u3=1, 4)

which together form the vector

a=la} o2]". (5)

In the system considered (Figure 3), kinematic pairs of class 1 occur and each pair
introduces two equations. For example, revolute pair A forces the overlapping of the
axis of the frame (0) pin and that of the link (1) sleeve, which is tantamount to the
equality of the ordinates and the abscissas of the pin’s and the sleeve’s centres, ex-
pressed in the global system bound up with frame 0. As a result the following equa-
tions are obtained:

X, =x,+a,cos6,,

y, =y, +a;sing,.
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Fig. 3. Kinematic scheme of trajectory executing system with assumed coordinate systems

Leaving out the detailed derivations, the equations of constraints for the pairs (us-
ing the denotations shown in Figure 3) are presented in matrix (6):

X, — X, —a,cosb,

V1= Y4~ asing

X, — X, + a,cos 6, + b,cos b,

Y, — ¥, +a,sinf, +b;sinb,

X, — X3 +byc0s 0, +c,cosb; —c,sin b,
— Y3 +b,sinb, +¢;sinb; + c,cos O

(I)P:J’z Y3t D, 2 TR T 30 6)

Xy —x, —d,cos; +d,sinf; —ecos b,

V3 — Y4 —d,;sin6; —d,cos 0, —e;sin 0,

= (x4 = X;) -sinbs + (v, = ys) - cos bs

6, — 0

X5 — h,cos s

| Vs — hysin 6 ]

To define the second group of equations ®° of vector @ described by Equation (2)
two different cases must be considered. The first one is a simple problem: the motion
of the moving links is known and the motion of point K is determined. In the second
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case, the motion of point K is known and the required motion of the moving links is
determined.

In the simple problem, the drivers (Figure 3) are:

o the rotation of link 1 about the axis of pair 4, which is described by angle 6= u;;

o the rotation of link 5 (slide) about the axis of pair £ described by angle &5 = uy;

e the variation in the distance of the origins of local systems x4 y4 and x5 ys de-
scribed by distance / = us.

Then for the known vector qc we arrive at:

O, —u,
D = O;—u, : (7)

\/(x4 —x5)2 + (V4 _J’S)z —Uj

In the inverse problem, the position of point K, prescribed by coordinates xx, yx in
the global coordinate system, is known. Since a planar system with three degrees of
freedom is considered, not only the position of point K, but also the value of one of the

input motions in system of equations @ must be known. Ultimately, the following
system of equations is obtained:

@ (1,1) or ®“(2,1) or ®“(3,1)
D =| x;47x,c080,—y,sind;, —x, (1) |, ®)

V3 +3x,<sin03 —3chos673 -y (®)

where ®C (i, 1) is one of the elements of vector (7).

Using Equations (6) and (7) or (8) one can determine the position of the system
(vector q) by solving (2). The analytical solution of the system of Equation (2) is
complicated, but one can apply numerical methods, e.g. the Newton—Raphson method,
or use ready-made procedures for solving systems of nonlinear equations.

2.2. Analysis of accuracy

If the variables that describe the system’s configuration (vector q) are known, one
can determine the deviations (mainly due to the deviations in the setting of the drives
[5]) of the executed trajectory’s successive points K from their nominal values. For
this purpose one must know the position vector q which can be determined by solving
the system of equations (2). If separation (5) into dependent and independent variables
describing the position of the system is used, the deviations will form this vector:



Analysis of redundant trajectory generator’s accuracy 11

sq=[sq; osq]". ©)
The components of vector
5qc =[Au,  Au, Au3]T (10)

are known and their values depend on the quality of the drives and that of the control
system.

Set displacements — more precisely a variation of vector ¢, which for the defined
position of the system is determined by differentiation over all the variables — are used
for the analysis of the deviations [4]. Thus the following equation is used

® _6q=0, (11)

where

o0

O =—.
q aq

When the variables are separated, transformed Equation (11) can be written as fol-
lows:

q)qZ oq, Z_(I)qc oqc - (12)

The solution of Equation (12) yields dependent variable deviation vector dqz.
The coordinates of point K are described by this equation:

r, =r,+A, r, (13)

where

cosf; —sinb,
Ay =] | .
sind, cosd,

Taking into account the above, the deviations of point K are determined from the
equation:

Sry =0r, +80,B, °ry, (14)

where
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B,--Z A,
0,

Using Equations (12) and (14) one can determine deviations drk of the coordinates
of point K from the nominal positions if the values and signs of drive setting errors
Jdqc are known. Equation (14) can also be used to determine the maximum deviations
of the executed trajectory from the prescribed one, but for this all the possible cases of
the signs of deviations dqc must be considered. If the most disadvantageous system of
the signs is selected, one can determine the largest theoretically possible trajectory
deviations Org.

In order to make the analysis independent of drive setting deviations dqc, it is con-
venient to employ the method based on effect coefficients [3]. Then the deviations are
determined from the equations:

AxK max = i |Wanun Ayl(max = i ‘WynAun (15)
n=1

n=1

in which w,, and w,, are the coefficients representing the effect of the error in setting
the n-th drive on deviations dxx and Jyx of the coordinates of point K. The coeffi-
cients are determined from the formulas

w,, = %y wo= P (16)
ou

n n

where ou, is the deviation in setting the n-th drive.

The trajectory deviations determined from relations (15) are measured along the
X-axis and Y-axis of global system. Effect coefficients (16) are determined on the
basis of the components of vector oqc, but when calculating the effect due to error
(O0uy) of drive k, the other two drives are immobilized by assuming ou; = ou; = 0 for i,
j # k. It is useful to know the effect coefficients since their values are the function of
only the system’s dimensions and configuration, which makes the accuracy analysis
independent of the actual values of the errors in setting the particular drives.

For trajectory executing systems it may be reasonable to use deviations measured
in the direction normal (N) to the trajectory. Then the appropriate effect coefficients
are calculated from this formula

— 5NK
" Su

n

(17)

Wy

where:



Analysis of redundant trajectory generator’s accuracy 13

ONy =0x; cos(a)+0y, sin(a),

o —the angle of inclination of the normal to the trajectory in xo, .
The maximum deviation in the direction normal to the trajectory is determined
from this formula

m

A]\]K max Z |WNnAun

1

: (18)

3. Example of analysis

To design the basic dimensions of the system shown in scale in Figure 4 the
method of synthesis developed in [5] was used. For prescribed rocker length £D the
designed system’s point K can cover only a part of the full workspace. Selected parts
of the workspace which can be covered at particular rocker lengths are shown in Fig-
ure 4. The areas common for the fields determined for rocker lengths ED; and ED; can
be covered by a rocker of the length ED e (ED, ED; ). This means that the same
point can be realized through different system configurations. Thus it is reasonable to
ask about a criterion for selecting rocker length ED for the realization of a particular
point of the workspace.

1

ED= 0.5

/)

0.75
ED =10.35

AN

05 025 0 025 05 075 1
[m]

E 0.25 //
0

-0.25 gé
N ED = 0.2

-0.5

x\J \\ 7%/4\&

Fig. 4. Trajectory executing system with workspace covered (shown in scale)
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For a trajectory generator its accuracy in the execution of a prescribed curve is im-
portant. In this regard, it is convenient to use effect coefficients. Then the minimiza-
tion of the effect coefficients simultaneously along the axes x,and y, should be
adopted as the criterion for selecting the most advantageous rocker length for the re-
alized points. Here an objective function on which the multicriterial optimisation is to
be based should be formulated. For a specified trajectory one can use the effect coeffi-
cients determined for the direction normal (N) to the trajectory whereby a clear-cut
criterion can be applied.

In the considered case, to assess the accuracy of the system the following criterion
was used:

F:\/(Zwm)2+(2wyn)2 > min. (19)

Having a system with specified dimensions (Figure 4), we began to determine the
effect coefficients at selected points of the workspace.

The system configurations at the assumed points of the workspace (sets zj, z», z3
in Figure 6) were determined for successive (from the smallest to the largest) lengths
of link ED (variable u3) using relation (2). The pair constraint vector is expressed by
Equation (6) and in accordance with (8) the equations of input motions are collected in
the following vector:

\/(x4_x5)2 +(vy=ys)’ —uy
D =| x;47x, cosO,—y, sinb —x, (¢) | (20)

y3+3xK sin®, —3yK costy — y (1)

The analysis yields vector q (5) describing the configuration of the system, which
serves as the basis for determining the effect coefficients (16) along the directions par-
allel to the axes of the global coordinate system. The determined values of effect coef-
ficients w,, and w,, pertaining to each point of set z; for different values ED are repre-
sented as sides of a rectangle in Figure 5. Each of the sides is proportional to the value
of the corresponding effect coefficient (the factor of proportionality is 30). The shaded
rectangles correspond to the optimum rocker length ED determined for successive
points K; in accordance with adopted criterion (18). As shown in Figure 5, a different
rocker length value corresponds to each of the shaded (optimal) fields. It is essential
that this length should change stepwise for certain points located side by side.

In practice, when the motion of point K is executed in a continuous way, such
a change is not possible and this means that the attainment of the theoretically possible
minimum deviations at all the points of the trajectory is impracticable since it requires
stopping point K and changing the ED value.
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15

length of rocker ED [ m]

0.55

0.5

0.45

0.4

0.35

0.3

0.25

Fig. 5. Effect coefficients for selected points at different rocker lengths

0.3

Xj [m]

0.8

0.9

Ki (xi.yj= -0.3)

1

ED=0 _5? Z,
0.75 N\

ED=0.35 %\\
0.5 Q

c 0.25
4
0 /
e

-0.25 H

ED=0.25 %
-0.5

0 0.2

Fig. 6. Effect coefficients at selected workspace points

0.4

0.6

[m]

0.8 1

12
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The effect coefficient relations for other workspace points are shown in Figure 6.
For each workspace point there is an optimum rocker length which ensures the mini-
mum, by adopted criterion (19), trajectory deviation.

As the analysis has shown the values of the effect coefficients at the particular
workspace points differ considerably whereby different errors are made in their reali-
zation.

4. Conclusions

A methodology for analysing a redundant trajectory generator to minimize devia-
tions represented by effect coefficients has been presented. The methodology makes it
possible to answer the question, which is of major practical importance, whether for
the known deviations of the drives a given system can meet the specified require-
ments. Whereas in the process of synthesis it supplies information about the quality of
the drives and that of the control system.

The analysis has shown that in some cases it is necessary to adopt an additional
optimisation criterion. The presented methodology can be helpful in the synthesis and
analysis of similar kinematic systems.
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Analiza dokladnoS$ci redundantnego generatora trajektorii

Ptaski uktad mechatroniczny o trzech stopniach swobody — mechanizm dzwigniowy o stru-
kturze zamknigtej wyposazony w sterowane napgdy — moze realizowaé dowolng trajektorig.
Trzeci naped zwigksza strefe robocza, a jednoczesnie pojawia si¢ problem wyboru funkcji
napedowych dla realizacji okreSlonej trajektorii. W pracy przedstawiono wplyw doktadnosci
ustawienia napedow na odchylki realizowanych punktéw strefy roboczej. Pokazano mozliwy
sposob optymalizacji odchytek trajektorii, przedstawiono charakterystyke przyktadowego
uktadu pod katem doktadnosci jego pracy.
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The behaviour of CuSiS silicon bronze during deformation
along the complex strain path

ZBIGNIEW GRONOSTAJSKI, KAROL JASKIEWICZ
Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

The effect of different complex strain paths on the behaviour of silicon bronze CuSi5 has been ex-
amined. The strain paths contain various sequences of cyclic torsion and tension. The amplitude was
changed in the range of 0.05—0.5, a temperature from 20 °C to 800 °C and the strain rate from 0.01 to 1 5.
The properties and structure obtained in complex strain paths are compared with those gained in
monotonic torsion and tension. The silicon bronze containing about 5% of Si is a very curious alloy, be-
cause the stacking fault energy is very low, so its substantial deformation is obtained mainly by twinning.
The strain paths similar to those applied in the experiments being carried out are observed in such indus-
trial processes as: rolling, forging, rotary swaging and others. It has been found that by a proper choice of
strain paths and deformation conditions, the decrease of flow stress and increase of limit strain can be
obtained.

Keywords: strain paths, silicon bronze, mechanical properties, structure

1. Introduction

The relation of the true stress to the true strain is basic mechanical property of ma-
terials in each numerical simulation of material behaviour in forming processes. The
effect of temperature, strain rate and strain on a flow stress and structure has been
widely known and examined. So just now, when new generation of computers and
commercial FEM programmers create the possibility of analyzing even very compli-
cated metal forming processes with high accuracy, the meaning of a proper work
hardening curves is fully appreciated. In the past, such processes could be analysed
mainly for perfectly plastic model of materials. So due to the progress in computers,
some new factors affecting the work hardening curves can be introduced into them.
A basic new factor is strain path which should be used for numerical simulation of
metal-forming processes, especially for non-monotonic and non-proportional flows of
materials.

The effect of strain path on the formability in the case of sheet-metals forming
processes has been examined for a long time. It has been found that such an effect is
very strong, so there is even difficult to use forming-limit diagrams FLDs in sheet
metal-forming processes design without taking into account the strain path.

In the case of massive processes, the effect of strain path on the structure and me-
chanical properties of materials is very little known because the examinations are more
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difficult and complex. Only a small number of the experiments being aimed at the ef-
fect of strain path on the behaviour of metals and alloys were performed.

In the case of massive processes, it is easier to investigate the effect of strain path
on the behaviour of metals and alloys in complex laboratory tests (CLT) than in in-
dustrial practice. In the last years, the cyclic torsion (CT) [1-8] versus monotonic tor-
sion (MT) [9-11] is often used to show the effect of the former on the behaviour of
metals and alloys during deformation. Such investigations were performed for copper
[1, 2], interstitial free steel in the ferrite and austenite ranges [3, 4] and in strain
reversal under torsion of HSLA steel [5].

In the papers [1-4] the stress—strain curves of commercially pure copper and inter-
stitial free steel in hot cyclic torsion test with strain amplitude range of 0.025—0.4 and,
for the sake of comparison, the curve from monotonic torsion test at the same tem-
perature of 500 °C and strain rate of 0.1 s were presented. It has been found that the
stress—strain curves for cyclic torsion are significantly different from those obtained in
monotonic loading tests. The cyclic torsion stress—strain curves did not show the peak
stress characteristic of dynamic recrystallization, which suggested the absence of this
phenomenon.

The authors show that the cyclic steady-state stress O';S with an increase of strain

amplitude is quite close to that corresponding to monotonic dynamic recrystallization
steady-state flow o, , and for the highest strain amplitude applied in the experiments

(0.4) no increase of cyclic straining O';S above o, was observed.

However, all results reported in the above-mentioned papers were obtained for
a narrow range of deformation, below 2.5 only; for a wider range, even at the same
amplitude equal to 0.4, for CuAl8 aluminium bronze there was observed the cyclic

steady-state stress J;S above the monotonic dynamic recrystallization steady-state
flow o, [7].

In order to analyse the mutual effects of monotonic and cyclic torsion, a composite
test was carried out in which the sample was initially deformed under monotonic
straining, then under cyclic loading with the amplitude &,=0.03, and finally under
monotonic loading again [7, 8]. The results are shown in Figure 1. From Figure 1 it
can be seen that cyclic torsion leads to extensive softening of steel. Cyclic torsion ap-
plied after monotonic torsion at the strain equal to 1 caused the flow stress at a strain
of 2 to decrease to the same level it would have reached under pure cyclic straining at
the same amplitude [4].

The results presented in the papers [1-4] have serious reservation. During cyclic
deformation each histeresis loop contains elastic and plastic deformation, and the rela-
tive fraction of elastic strain in the total deformation rapidly increases with diminution
of the deformation ampilitude and increases the number of the cycles in whole defor-
mation process. With the increase of deformation during the monotonic straining the
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relative fraction of elastic strain in total deformation is decreased. So the stress—total
strain relation in cyclic deformation and monotonic deformation, where the relative
fraction of elastic strain is quite different, cannot be compared. For a proper compari-
son of the above-mentioned curves, the elastic deformation must be removed from the
total deformation in the case of cyclic and monotonic stress—strain relations.

200 Cyclic torsion

Monotonic torsion

150

100

Flow stress, MPa

50

0 0.5 1.0 1.5 2.0 2.5 3.0
Total strain

Fig. 1. The composite test: monotonic torsion at the strain of 1, next cyclic torsion at
the strain of 2 and repeated monotonic torsion in comparison to monotonic and cyclic
torsion in the whole range of deformation [4]

The other papers [12—14] present the experimental characteristic of flow stress of
metallic materials under various deformation conditions and theoretical analysis of
plastic flow identification during change of strain paths. Examining the effect of prin-
cipal stresses’ orientation on the course of M1E copper, titanium alloy Ti-3.5Al-
1.5Mn and OH18N9 steel confirmed an essential influence of strain path on the forces
needed for deformation, and thus on the work hardening curves. Such an information
can be used for numerical simulation of metal-forming processes, especially for non-
monotonic and out-of-proportion flow of materials.

The effect of complex deformation on the flow stress—strain relationship in the case
of the following variants: torsion—tension—torsion in the same direction as before, tor-
sion—tension—torsion in the opposite direction as before, and torsion—torsion—torsion
with the change of direction in each next cycle was examined. In each variant of de-
formation, the same value of total strain was applied, it was equal to 0.3. This means
that in each deformation cycle the strain is 0.1.

The curves obtained were shown in Figures 2—4. From these figures it can be seen
that in tensile test, after work hardening by torsion, the flow stress—strain relationship
is nearly linear. The renewed torsion in the same direction caused further increase of
the flow stress in comparison with that in tensile test, but the maximum value obtained
in the third cycle of deformation (torsion) is slightly lower than in the first one.
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Fig. 2. Relationship between flow stress and strain for titanium alloy
for the first variant of complex deformation [12]
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Fig. 3. Relationship between flow stress and strain for titanium alloy
for the second variant of complex deformation [12]

In the second variant of deformation, the change in torsion direction in the third
cycle causes significant decrease of flow stress in comparison with that in the first
cycle (torsion) (Figure 3).
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Fig. 4. Relationship between flow stress and strain for titanium alloy
for the third variant of complex deformation [12]
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In the case of successive change of torsion direction (the third variant of deforma-
tion), the maximum flow stress is stabilized on the same level in the first and the third
cycles of deformation when torsion is realized in the same direction. But in the second
cycle when torsion direction is opposite, a small decrease of flow stress can be seen.
In the papers cited earlier, there is no information relating to the use of total strain or
plastic strain only. It is difficult to imagine that the differences between the work
hardening curves in torsion and tensile tests are so noticeable (Figures 2 and 3).

On the basis of the presented results [17] of the low energetic deformation of me-
tallic materials in strain paths’ control the laboratory and industrial processes were
proposed.

Another investigation was carried out by using plastometer, where samples were
simultaneously subjected to cyclic torsion with different amplitudes and the tension of
various sequences [15, 16]. It has been found that cyclic amplitude and temperature
have a substantial effect on the behaviour of CuAl8 aluminium bronze.

The strain paths similar to those occurring in cyclic torsion are observed in such
industrial processes as: rolling [17], ingot turning [18], rotary forging [19], rotary
swaging [20], extrusion [21] and others. From the above-given examples it is clearly
visible that by the change of strain path in massive processes the great progress in
metal-forming can be obtained and new technologies more effective in saving both
energy and material consumption could be developed.

The main aim of the paper is to analyse the effect of complex strain path on the be-
haviour of CuSi5 silicon bronze containing 4.86% of Si, on the stress—strain relation-
ship under different deformation conditions and on the structure and to avoid the
above-mentioned errors.

2. Experimental procedure

In order to evaluate the mechanical properties, the plastometer for complex strain
paths (Figure 5) was used [15].

Fig. 5. Scheme of plastometer: 1 — asynchronous machine of 13 kW power, 2 — sleeve clutch, 3 — constant
support, 4 — swivel head, 5 — furnace, 6 — sample holder, 7 — self-centric clutch, 8 — torque sensor,
9 — cluch, 10 — rotating head, 11 — compresion and tensile sensor, 12 — screw mechanism,
13 — constant support, 14 — sleeve clutch, 15 — asynchronous machine of 13 kW power
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The specimens made from CuSi3.5 silicon bronze were deformed at the tempera-
ture range of 20-800 °C. The temperature was measured by a thermocouple being in
contact with surface of the gauge length of the specimens. The specimens were sub-
jected to monotonic tension with the strain rate of 0.01 s™' and monotonic tension with
the same strain rate applied simultaneously with symmetrical or pilger cyclic torsion
with the strain rate of 0.1 s~ and different total amplitudes &, = 0.05, 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6. For microstructural observation the optical, scanning and transition mi-
croscopes were used.

The specimen shown in Figure 6 was used. The work-hardening surface layer of
samples caused by mechanical turning was removed by heating them at a higher tem-
perature.
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Fig. 6. The scheme of specimen used for complex strain paths

As it was explained in the former chapter, for a proper determination of the effect
of strain paths on the flow stress—plastic strain relationship and on the limit strain the
elastic deformation must be removed from total deformation. The method of partition
of total strain during complex deformation of elastic and plastic parts is shown in Fig-
ure 7.

In the succeeding hysteresis loop, the elastoplastic strain was calculated using
courses of the total strain as a function of time together with the courses of flow stress
at the same time. From Figure 7 it can be seen that the zero values of torsional flow
stress correspond to finite values of strain. When the torsional flow stress is equal to
zero the power transmission system, recording system and specimen are loaded with
tensile flow stress only, so on the assumption that stiffness of whole plastometer is
much higher than that of deformed specimen alone, the elastic strain caused by tensile
stress is accumulated in specimen only.

At that very moment the strains shown by arrows are plastic strains. This way the
plastic strain can be calculated for arbitrary cycle of deformation, and as a final result
of investigation a proper relation between flow stress and plastic strain can be ob-
tained.

At that very moment the deformation contains plastic deformation caused by tor-
sion &, and total deformation caused by tension &,. For the known Young’s modulus
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E the elastic deformation caused by tension can be easily calculated as follows:
& = op,/E. Finally the plastic strain caused by torsion and tension &, in successive
half-cycles of deformation is given by the following formula: &,,+¢&..1— &1 (Figure 7a).

a) 1.2
.g 1.0 /.\
v =0.8
/ \ / i - N
0.6
/ v 8p12+80r2 gptrZ
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Fig. 7. Scheme of the method of calculation of plastic strain in complex deformation containing cyclic
torsion with monotonic tension: a — strain and b — stress as a function of time. Arrows show values of
plastic strain in successive half-cycles of deformation

The total plastic strain in the whole deformation process is the sum of particular
plastic strains in successive half cycles of deformation &,;+é&.i—&. This way the
plastic strain can be calculated for arbitrary cycle of deformation, and as a final result
of investigation a proper relationship between flow stress and plastic strain can be
obtained.

In the case of principal stress orientation changes in successive monotonic torsion
and tension, the plastic strain was calculated by using Young’s modulus.

In Figure 7b, an effective plastic stress determined from Equation (1) is represented
by dotted line. The BASIC program for plastic strain calculation in complex strain
paths was designed.

Till now the universal method of stress and strain calculation in torsion test has not
been developed. There are a few different methods given in the papers [9—11]. Taking
into account that the main aim of the work is to compare the flow stress—strain curves
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obtained at complex strain path with those of monotonic strain, the simple classical

method of flow stress and strain determination was used.

The equivalent stress is due to simultaneous operation of torsion and tension and

can be calculated according to the Huber—Misses criterion

2 2
343M, F
Ope = Ell 2 |-
2rr;, 2rr,,

The equivalent plastic strain

1
& pe :E,Bgi +7/; ,

where ¢, is the strain caused by the tensile force F,

(1)

2

€)

4

where /, and /; are initial and final gauge lengths of complex deformed specimen, and

w, stands for the angle of plastic rotation of sample.
The shear strain rate

and tensile strain rate

de

— P

Codr

where @, is the plastic rotation speed.

®)

(6)
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The equivalent plastic strain rate of complex straining

. 1 . )
5(»:@1/35;"‘7; . (7)

3. Results and discussion

The equivalent flow stress—plastic strain relationship obtained in the minor cyclic
torsion together with monotonic tension of specimens and the work hardening curves
obtained in monotonic torsion and tensile tests at ambient temperature and at 600 °C
are shown in Figure 8 and Figure 9, respectively.
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Fig. 8. The effect of tension and symmetrical minor cyclic torsion with amplitudes: 0.05 (2),
0.1 (3) and 0.2 (4) on the equivalent stress—plastic strain relationship in comparison
with monotonic tension (1) and torsion (5) at ambient temperature
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Fig. 9. The effect of tension and symmetrical minor cyclic torsion with amplitudes: 0.05 (2),
0.2 (3) and 0.4 (4) on the equivalent stress—plastic strain relationship in comparison
with monotonic tension (1) and torsion (5) at a temperature of 600 °C
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From Figure 8 it can be seen that at ambient temperature the limit plastic strains for
both monotonic torsion and tensile tests are nearly the same (about 0.3). In this range
of deformation, the highest value of flow stress for complex straining is slightly lower
than that for monotonic torsion and much lower than that for tension. But the differ-
ences between the lowest value of flow stress in complex straining and flow stress in
both monotonic tests are very large. An increase of deformation behind limit strain of
both monotic tests causes the rise of the highest and the lowest values of flow stress in
complex straining, more intensively for the smallest amplitude applied (0.05).

A radically different situation arises at a higher temperature of 600 °C (Figure 9).
The limit strain determined in monotonic tension is very small in comparison with this
in monotonic torsion and complex deformation. The same limit strain was obtained for
monotonic torsion and complex deformation with the amplitude of 0.2, and the great-
est limit for deformation with the amplitude of 0.4. In these ranges of equivalent plas-
tic strain, an unfavourable phenomenon takes place, i.e. the increase of flow stress for
complex straining is larger than that for monotonic torsion and tension. With an in-
crease of an equivalent plastic strain the continous decrease of flow stress is observed.
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Fig. 10. The effect of symmetrical minor cyclic torsion with amplitudes: 0.05(2), 0.2(3)
and 0.4(4) and tension (1) on the relation between o7 and & determined in
tensile direction at an ambient temperature

The flow stress and limit strain in the tensile direction of complex specimens de-
formed at an ambient temperature and at 600 °C are shown in Figure 10 and Figure
11, respectively. During deformation at 600 °C a decrease of limit strain by applica-
tion of cyclic torsion is observed. It can be explained by strain localization in shearing
bands and dynamic recrystallization in these bands, which leads to quick fracturing of
samples. During deformation at lower temperature the localization of strain is not in-
tensified by dynamic recrystallization and limit strains in the tensile direction for the
used strain paths are rather comparable (Figure 10).
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The initial structure contains equiaxial grains of an average diameter equal to about
500 um. The microstructure after monotonic tensile test at an ambient temperature
shows highly deformed structure with two active slip systems only. Similar structure
was obtained after monotonic torsion, but in the outer layers of a sample, slip lines are
more numerous compared to the inner layers.
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Fig. 11. The effect of symmetrical minor cyclic torsion with amplitudes: 0.05 (2),
0.2 (3) and 0.4 (4) and tension (1) on the relation between o and ¢, determined
in tensile direction at a temperature of 600 °C

After tension and torsion at 600 °C a significant decrease in grain size takes place,
which is caused by dynamic recrystallization DRX. Microstructure of CuSi5 silicon
bronze after monotonic tensile together with cyclic torsion at an ambient temperature
is similar to microstructure after monotonic tensile or monotonic torsion at the same
temperature. The only visible difference is that the complex deformation activates
more slip systems than each simple monotonic deformation separately activates.

The cyclic torsion superimposed on the monotonic tension lowers the energy stored
in material in comparison with pure monotonic deformation. This can completely
eliminate the DRX if amplitude is very low (0.05), and on the other hand by the in-
crease of amplitude the DRX is produced. This means that at a high temperature cyclic
straining affects profoundly the microstructures, while at lower temperature these
effects are small.

The silicon bronze containing about 5% of Si is a very curious alloy, because the
stacking fault energy is very low, nearly equal to zero. The mechanism of deformation
is special; a large deformation can be obtained mainly by twinning in the case of cy-
clic process, therefore it is a new aspect of large deformation.
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4. Conclusions

It has been found that complex strain paths have significant effect on the behaviour
of CuSi5 silicon bronze during deformation. The effect of cyclic torsion together with
uniaxial tension on the flow stress and limit strain is dependent on the temperature.
Cyclic straining eliminates the DRX if amplitude is very low (0.05), and the increase
of amplitude activates the DRX.

From the examples given above it is clearly visible that by the change of strain path
in massive processes the great progress in metal-forming processes can be obtained
and new technologies more effective in energy and material saving can be developed.
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Zachowanie si¢ brazu krzemowego CuSi5
podczas odksztalcania wzdluz zlozonej drogi

Przedstawiono wplyw ztozonej drogi odksztalcania na zachowanie si¢ brazu krzemowego
CuSi5. Ztozona droga odksztatcania obejmowala rozne sekwencje matocyklowego odksztatca-
nia potaczonego z monotonicznym rozciaganiem. Amplitudg odksztalcenia zmieniano w zakre-
sie od 0.05 do 0.5, temperatur¢ — od 20 °C do 800 °C, a predkos$¢ odksztatcania — od 0.01 do
1 s Whasciwosci i strukture uzyskiwane wskutek ztozonych sposoboéw odksztatcania porow-
nywano z tymi samymi wielko$ciami uzyskiwanymi w procesach monotonicznego skrecania
1 rozciagania. Braz krzemowy zawierajacy okolo 5% Si jest szczegdlnym materiatem, ponie-
waz energia jego btedow ultozenia jest bardzo niska, niemal bliska zera. Zaobserwowano, ze
duze odksztatcenia w ztozonym procesie odksztatcania takiego materiatu sa w duzym stopniu
osiagane przez blizniakowanie.

Stwierdzono, ze ztozony sposob odksztalcania ma duzy wplyw na zachowanie si¢ brazu
krzemowego CuSi5, przy czym inaczej wplywa na jego wlasciwosci i strukturg okre$lane w ni-
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skiej temperaturze anizeli w wyzszej temperaturze. Malocyklowe odksztatcanie eliminuje re-
krystalizacj¢ dynamiczna, jesli amplituda odksztatcenia jest bardzo mata (0.05) i dopiero
zwigkszenie amplitudy powoduje aktywacjg rekrystalizacji dynamiczne;.

W procesach obrobki objgtosciowej przez zmiang drogi odksztalcenia mozna osiagnac
znaczny postgp w procesach ksztattowania plastycznego, opracowujac bardziej energo- i ma-
teriatlochlonne technologie.

Sposoby odksztalcania podobne do tych, ktore stosowano w badaniach, sa wykorzysty-
wane w przemystowych procesach ksztattowania plastycznego takich jak: walcowanie, walco-
wanie z poprzecznym ruchem walcoéw, prasowanie wahajaca matryca, kucie przy uzyciu kowa-
rek, wyciskanie z cyklicznie skrgcang matryca itp.
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Approximate fundamental solutions of equilibrium
equations for thin plates on elastic foundation

KAZIMIERZ MYSLECKI
Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

In this paper, a new approximate method of determining fundamental solutions for thin plates on
elastic foundation is considered. Various models of foundations (Winkler, Pasternak, elastic half-space)
are analysed. The approximate fundamental solutions are obtained through the analysis of power series of
their Fourier’s transform images. In the inversion procedure from images to originals, the well-known
fundamental solutions of the n-th power of the Laplace operator are used. The effectiveness of the ap-
proximate fundamental solutions is verified by some test examples.

Keywords: fundamental solution, boundary element method, thin plate, elastic foundation
1. General relations of thin-plate theory

Let us consider a thin plate of a uniform thickness /# with midplane S and boundary
curve C lying on a plane (xy, x,) (Figure 1).

Fig. 1. Definition of thin plate
Generalized stress—displacement relation for moments and shear forces are [1]:

M 5 ==D[(1=VIW,,5+VO,5W,,, ],

(1
Qa :_DAW’a’ a,ﬂ,ye{1,2},
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where v is Poisson’s ratio, D = Eh*/12(1—%) — the plate stiffness, 0qp — Kronecker’s
symbol, A — Laplace’s operator. The comma before index denotes partial differentia-
tion and repeated indices’ summation convention.

The relations for such boundary quantities as: rotation, moments, Kirchhoff’s shear
force and concentrated reaction in the corner are as follows:

@y =W, Ny,

M, =M myng, M, =M.t

Vi=01+ My, Vo=0,+My,, V,=V,n,,
R=M; - M,

2)

where 7, and 7, are the unit normal and the vector tangent to the boundary curve C, re-
spectively.

2. Governing equations for plates on elastic foundation

The equilibrium equation for the plate on elastic foundation has a general form
DA*w+ p(w)=gq. 3)
The foundation reaction p(w) is expressed by a linear operator of the deflection of

a plate and depends on a foundation’s model.
The simplest model is Winkler’s foundation with the reaction of the form

pw) =kyw. @)

The foundation’s stiffness k; depends on mechanical properties of soil. This model of
foundation can be interpreted as a set of independent springs (Figure 2).

N

Kk
:

Ky
Fig. 2. Winkler’s foundation Fig. 3. Pasternak’s foundation
Two parameter Pasternak’s foundation is another model of an elastic foundation

p(w) =—k,Aw + k,w. 5)
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The second stiffness parameter &, can be interpreted as a tension in the membrane that
covers the foundation (Figure 3).

Fig. 4. Half-space foundation Fig. 5. Boussinesq’s problem

The most advanced model is an elastic half-space (Figure 4). In that case, a simple
differential expression for foundation reaction does not exist. In order to determine
a form of the reaction, a classical Boussinesq’s problem [2] will be recalled (Figure 5)

Us

1+, x_§+2(1—v0)
2nE, | R® R |

[2, 2
r=aX +x5,

(6)
R:1/r2+x32,
1-vi 1
nE, r

Then a deflection of the plate caused by the foundation reaction takes the form of con-
volution

Wi, x) = [ [y = &%, = £)p(& E)dEAE, =us * p. (7
Thus the problem is described by a system of two differential-integral equations [3]

e ®)
DN'w+p=q

with two unknown functions, i.e. reaction of the foundation p and deflection of the
plate w.
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3. Fundamental solutions

A fundamental solution of the differential equation is defined as a particular solu-
tion of it with the right-hand side in the form of Dirac’s ¢ [4, 5], i.e. the unit concen-
trated force:

L(xp,x,)w(x, =&, X%, = &) = 6(x; =&, %, = &), %)

where L is a differential operator, (&, &) — the source point and (x;, x,) — the reference
point.

The fundamental solutions of powers of the Laplace operator [6] are worth men-
tioning, since they are of a great importance in subsequent derivations of the approxi-
mate fundamental solutions of plate on elastic foundations:

£, =6,
R T r
w, :—}’2( D(An ln__Bn)’ r:\/(x1_§1)2+(x2_§2)27 (10)
2n N
1 n—1 1
4= o B=4,),— nzl,
4 [(n=1)] =0,

where ry is an arbitrary constant of length’s dimension.
Let us rewrite the general equation for plate on elastic foundation (3) so as to
obtain the form with a small parameter &

DAN*W +gp(w) = 6. (11)

To this end we apply a generalised Fourier transform and then expand the image of
fundamental solution w into a power series of ¢. The useful properties of a Fourier
transform are as follows [7, 8]:

SPOENE j I £y )elerran) gy, = flay,a,),

—00 —00

1 T lax +ax
[f(alaaz) _F _[O If 0‘1’052 e l)da da, = f(xlaxz)a (12)

I frgl=78 SI61=1 A f1=(-1)"p"F, p=yal+al,

and
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~— 1 (=D
\S[Wn]:(pZZ ,

11 )" - 1 13)
I =, c,,z(_) ————————— n20.

C, p 2n (6 -1D)7(6/-3)7(6/-5)

Applying a Fourier transform to Equation (11) for all considered models of elastic
foundations (Winkler, Pasternak and half-space (4), (5), (8)) we can find the following
forms of fundamental solutions:

= 1 _ 1L ek N &k} B &k}
Dp'+ek, Dp* D2p° Dp? D'p"
= 1
" Dpt+elkyp’ +hy)
1 _5(k2p2+k1)+52(k2/32+k1)2 _53(k2p2+k1)3+

+...,

- Dp4 szs D3p12 D4p12 - (14)
~ 1
= Dp* + gy p
__ L &k N &k} 3 &k; &'k; 3 __E
Dp* D*p’ D" DB DIt T 3 2(1_1/5)‘

After inversion of the images (14) using formulae (12), (13) and fixing the parameter
¢ = 1 we can find originals of fundamental solutions:

1 kT

Wy =—Ww, + D' —L—w, ..

= ;( ) i acisy

—_ 1_ = (_1)1 d l i1 i—7 i R

Wp =—W, "'z T ( .jkljkz (=1 +]W2+i+j’ (15)
o D o\

In practical applications, the infinite series (15) are truncated to several terms, thus we
obtain approximate fundamental solutions. Additionally, the author has inverted the
images (14) for the Winkler half-space foundation and found exact originals:
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_ 1> i nr nr D V2 A2 )
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where K,, Y, are the Bessel functions, H, is Struve’s function, Re, /m are real and
imaginary parts of complex functions, and 77 is complex conjugate of 7.

+

12
12D

4. Algorithm of boundary element method (BEM)

The boundary integral equations of the problem are derived from Betti’s reciproc-
ity theorem [1]. Let us consider two systems of displacement and force fields: the first
given in Figure 1 and the second corresponding to an infinite plate subjected to a unit
concentrated force (9), i.e. obtained from relation (2) using the fundamental solution
(15). The Betti’s reciprocity theorem can be expressed by the following equation:

[qwds +[(M,5, +V,w)dC+ " R,
N C i

— _ _ (17)
= J.cjwdS +I(Mn(pn +V,w)dC+> Rw,, q=6.
s c i
In accordance with Diraca’s J properties we can write
w(fl,fz), (fl,é‘z)e S,
1
Iw(xl,x2)§(x1 —& X% —§z)dS(x1,x2)= Ew(fpégz)a (951,52)6 C, 1
s (18)

0, (&.84)esucC.

We take advantage of the third relation in (18) which is the basis of Kupradze’s collo-
cation method [9]. Plates on elastic foundation have usually free edges so we can as-
sume M,= V,= R;= 0 and Equation (17) takes the form

[gwds [ (M, +V,w)dC =" Rw, =0, (19)
N C i
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Equation (19) should be satisfied in any point (&), &) outside the domain S. The
boundary curve C is divided into linear elements. The unknown functions w and ¢, are
also approximated by linear functions (Figure 6). Kupradze’s method gives us such
advantage as avoiding singular integrals in Equation (19).

collocation points

200

3o

elements
S -
n —4
C

by
b4
O

Fig. 6. Linear boundary element Fig. 7. Collocation points

The collocation points are located on two outer contours. The number of colloca-
tion points depends on the number of unknown values in nodal points. Figure 7 shows
location of collocation points for a rectangular plate with free edges. The distance ¢ of
outer contours is of a great importance in Kupradze’s method: too short one requires
more precise procedures of numerical integration, while too long leads to badly con-
ditioned matrix of linear equations system. Author’s experience learns that the dis-
tance ¢ is estimated as 1/10 of the mean length of boundary elements.

5. Numerical examples

The square plate of free edges is under consideration (Figure 8). The side of plate
is @ = 5 m, its bending stiffness D = 1923 kNm and Poisson’s ratio v = 0.2. The plate
is loaded with a concentrated force P = 69.44 kN [10]. The boundary side of the plate
is divided into four equal linear boundary elements.

Fig. 8. Free-edge square plate
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Deflections of the axes of symmetry of the Winkler’s and Pasternak’s plates are
presented in Figure 9 and Figure 10. The stiffnesses of foundations are: & = 10°*
kN/m’, k; = 3.472:10° kN/m.

— BEM appr.

| FEM COSMOSM

A FDM (103
A
Fig. 9. Deflection of Winkler’s plate
w
X
——— BEM appr.
A FDM (10}
A

Fig. 10. Deflection of Pasternak’s plate

Deflection of the axis of symmetry of the plate in elastic half-space is presented in
Figure 11. The elastic constants of the half-space were estimated from relation k; =
2.5Ey/a [11] (vo = 0) to compare the results with the results obtained using other mod-
els of foundations.

Fig. 11. Deflection of plate on a half-space



Solutions of equilibrium equations for thin plates 39

All these results are in a good agreement with those available from other numerical
methods using the finite difference method (FDM) and the finite element method
(FEM) in the COSMOS/M code. It is worth mentioning that the calculation conver-
gence using the approximate fundamental solutions (15) was obtained even for a few
terms of series (5-7).

6. Concluding remarks

A new method of finding approximate fundamental solutions for plates on various
elastic foundations has been presented. The approximate fundamental solutions have
simple forms of power series. Numerical results of the practical computation of some
exemplary plates show that the approximate fundamental solutions have a satisfactory
accuracy.
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Przyblizone rozwigzania podstawowe réwnan réwnowagi
plyt cienkich na podlozu sprezystym

Podano przyblizonga metodg wyznaczania rozwiazan podstawowych rownan rownowagi dla
plyt cienkich na podtozu sprezystym. Rozpatrzono jednoparametrowe podloze Winklera, dwu-
parametrowe podloze Pasternaka i potprzestrzen sprezysta. Przyblizone rozwiazania podsta-
wowe otrzymano, rozwijajac transformaty Fouriera $cislych rozwigzan podstawowych wzgle-
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dem matego parametru. Do odwracania obrazéw transformat Fouriera wykorzystano znane
rozwiazania podstawowe n-tej potggi operatora Laplace’a. Otrzymana posta¢ przyblizonych
rozwiazan podstawowych (szeregi podstawowe) jest duzo prostsza od postaci $cistych rozwia-
zan podstawowych (funkcje specjalne Bessela i Struvego).

Znalezione przyblizone rozwiazania podstawowe zastosowano w metodzie elementow
brzegowych w wersji Kupradzego. Zaleta tej wersji jest to, ze nie musi si¢ oblicza¢ osobliwych
catek na brzegu obszaru ptyty, a brzegowe rownania catkowe maja prosta postac.

Dla kazdego rodzaju podtoza wykonano przyktad numeryczny rozwiazania ptyty metoda
elementow brzegowych z zastosowaniem przyblizonych rozwiazan podstawowych. Prezento-
wane wyniki obliczen porownano z opublikowanymi literaturze wynikami otrzymanymi dzigki
zastosowaniu metody roznic skonczonych. Czg¢§¢ wynikdw poréwnano z wynikami otrzyma-
nymi metoda elementéw skonczonych w systemie COSMOS/M. Analiza przyktadow wyka-
zuje uzyteczno$¢ przyblizonych rozwiazan podstawowych w praktycznych zastosowaniach
oraz szybka zbiezno$¢ szeregow potggowych reprezentujacych te rozwigzania — wystarcza 5—7
wyrazow, aby osiagnac¢ zadowalajaca zbieznose.
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Hybrid knowledge representation in BMS
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Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

Development of computer technology enables implementation of expert tools supporting decision
processes in the Bridge Management Systems. The proposed expert tools utilise both data base and
knowledge base of the system. Decisions in bridge management are very often based on a mixture of ac-
curate data and fuzzy or uncertain information. This requires a proper technology for information acqui-
sition, representation and processing. The paper presents the technology of hybrid knowledge representa-
tion integrating symbolic and non-symbolic knowledge representation. The proposed technology of the
multilevel hybrid network enables the integration of various techniques in one computer tool. According
to the problem that should be solved and to the type of available information the hybrid network can be
built of the neural, fuzzy and functional components.

Keywords: knowledge representation, Bridge Management Systems, hybrid networks, neural networks, fuzzy logic

1. Information in the Bridge Management Systems

In the traditional computer-based Bridge Management Systems (BMS), informa-
tion is stored as the data in the form of the database (e.g. [1-4]). The development of
the computer technology currently enables representation of information also in the
form of the advanced knowledge base (e.g. [5-9]). General diagram of the information
flow in the data & knowledge-based BMS is presented in Figure 1.

The information coded in the form of data is stored and processed in the computer
system and after the interpretation in the specific context is used in the decision proc-
esses [10-12]. The knowledge representation in the computer-based BMS needs much
more complex procedures. The following main steps of these procedures can be item-
ized [1]:

e selection of the knowledge representation method corresponding to the form of
the available information;

e acquisition of the knowledge as a special type of the information;

e construction of the computer knowledge base coupled with the system database;

e selection of the proper inference mechanisms for each particular application;

e analysis and interpretation of the results of the computer reasoning and the appli-
cation of the conclusions in the decision processes.

The analysis of the information taken into account in the bridge management
shows that decisions are very often based on the fuzzy information and on the infor-
mation of various degree of uncertainty, e.g. [13—15]. The classification of the in-
formation utilized in the BMS, proposed in [13], is presented in Table 1.
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— N | The classification is based on the
information fuzziness and takes into account

two Dbasic aspects: fuzziness of the

information definition and fuzziness of the

information measure.

| INFORVATION | In the proposed classification, three types of
_ the information definitions are itemized:

e precise definitions (P), e.g. geometrical
codlng representatlon . . A .
Y Y parameters, material characteristics, which are

based on the standards, manuals, etc.;
DATA KIOMEDGE e imprecise, fuzzy definitions (F),
technical condition, serviceability, etc., which
are partly based on the subjective

system of information
acquisition

KNOWLEDGE

-H\HIHHH\

interpretation;
e undecided definitions (U), e.g. aesthetics
I DATA | neevcemeiansd | of bridge structures, which are completely

based on the individual, subjective

interpretation reasoning . .
impressions.
The information can be described using

[ Processp wrorviaToN | | reasonnG RS | two types of the measures:
e precise measures (P) expressed usually
analysis analysis by means of the numbers, e.g. span length:
‘Y Y 24 m, condition state: 2, load capacity: 30 t;
DECISIONS o fuzzy measures (F) expressed by means
of the fuzzy numbers (e.g. about 20 m,
Fig. 1. Information flow in the data and between 20 t and 30 t) or by means of the

knowledge-based Bridge Management Systems fuz;y _lingUiStic values (e.g. large, intensive,
insignificant).

Table 1. Types of the information utilized in the BMS — classification based on the information fuzziness

. Measure
Definition -
Precise (P) Fuzzy (F)
Precise (P) PP PF
Fuzzy (F) FP FF
Undecided (U) UP UF

The combination of the three types of the information definitions and the two types
of the information measure creates six classes of information presented in Table 1. All
the classes of information are usually used in the bridge management.
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2. Technology of hybrid networks

A variety of information types taken into account in the bridge management proc-
ess requires effective tools for data and knowledge acquisition, processing and utiliza-
tion. One of the promising methods of the knowledge representation seems to be the
technology of the multilevel hybrid networks [13, 16, 17]. This technology enables the
integration of the various knowledge representation techniques in one expert tool.

| PROBLEM ANALYS'S K
EXPERTS v
METHOD OFKNOWLEDGE
AT REPREENTATION
SMULATION v
ANALYSS KNOWLEDGEACQUISTION |
EXPERMENTS v
| ARCHITECTUREOF EXPERT TOOL K:
DOCUMENTATION

Vi
| ARCHITECTURE OF HYBRID NETWORK K;—
Vi

PROBLEM DECOMPOSTION
| L 1L
.
= NJ E \/ Z
Z D[ INEFERENCE Q
: =) |
== Nl =l 2
2 DEFUZZYACATION
g &
! T :
@ @
@
| HYBRD NETWORK COMPOSTION
EVALUATION Nemor N9
CRTERA EVALUATION ™
<€)
EVALUATION oo~
CRTERA EVALUATION
@
APPLICATION SOFTWARE
| ]
| INTEGRATION WTH BMS |

Fig. 2. Creation of the expert tool with hybrid knowledge representation
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The process of the creation of the expert application by means of the hybrid net-
work technology is presented in Figure 2. After the general analysis of the problem
and the acquisition of the available knowledge — the architecture of the final network
should be designed. Depending on the form and class of the accumulated information
(see Table 1), the analyzed problem should be divided into subproblems. In the next
step, a dedicated component of the network is created for each subproblem. All the
components are prepared in the form of the prefabricated “blocks” which are stored in
the library of the computer system and can be used in various networks. In the last
step of the creation process, the components are connected to one another to form
a multilevel network. For the creation of the components and the final network the
specialized computer system NEURITIS [13, 18] can be used. The system is now
available only in Polish version, therefore Figures 3, 5 and 9 are in Polish.

The illustration of the process of the components connecting to obtain a multilevel
hybrid network is presented in Figure 3. In the system NEURITIS, the number of the
network levels as well as the number of the network components are not limited and
depend only on the application needs.

' Neuritis® 2002 - Funkcja Ekspertowa Stanu Technicznego (fest2 neu) - =] x|
J | ] |V Otwdrz v| HZap\sz "D“ Pj g - Drukuj ‘EI \;}( (7)
“ B x | izl | [+ la. F ‘ K ‘ oa Vl Most.Podpora.Masywna.Beton niezbrojony |
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= b= Podpora
= Klatkowa
-
[ B Eiston niszhrojomny Il MBN/E

+[& Beton zbrojony
B cegta
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E
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Oz
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System gotowy do pracy Warstwa 1/3

Fig. 3. Process of the components connecting to obtain the multilevel hybrid network
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3. Components of the hybrid networks

In the presented system NEURITIS, three main types of network components can
be used:

e functional components, which enable the implementation of the analytical func-
tions in the knowledge representation;

e neural components based on the application of the multilayer neural networks;

e fuzzy components based on the fuzzy logic and fuzzy inference methods applied
in the knowledge representation.

Table 2. Characteristics of the hybrid network components available in the NEURITIS

Definable elements Functional component Neural component Fuzzy component
of component
real number X; real number X;
£ .Form of matrix of real numbers real number X; fuzzy number X
S input data
= [Xi linguistic variable xi*
a.
=
Number of . L.
- u ber o unlimited unlimited 2
mnputs
functions of n variables in the neural network | membership functions for
analytic form topology inputs
Internal . -
@ ) . ) o membership functions for
g resources functions of n variables in the | neuron activation outputs
‘g discrete form functions
s fuzzy rule base
8 .
g . . L. aggregation of rule
= mathematlc_:al operations on training of the premises
g the input data neural network - —
g Internal conclusion activation
operations mathematical operations on . output composition
. testing of the
the internal resources of the ) K ] ]
component neural networ defuzzification
o . ¢ real number Y;
] orm o :
3 matrix of real numbers real number Y; real number Y;
© | output data
2 [Yil
% Number of
S | umbero unlimited unlimited 1
outputs

The selection of the type of components depends on the quality, quantity and form
of the available information. Each component has to be prepared individually and has
to pass all the needed tests before being applied as a “brick” of the final network.

In the preparation of each type of components, the following main steps can be
itemized:

o defining the number of the component inputs and form of the input data;
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o defining the internal mechanisms of the component: the internal resources spe-
cific to the component and the internal operations which can be prescribed on the in-
put data and internal resources;

e defining the number of the component outputs and form of the output data.

Definable elements of each type of the hybrid network components are compared
in Table 2. The following figures present the procedures of the preparation of the main
types of the network components.

The diagram of the creation process of the functional component is presented in
Figure 4. Some selected steps of the procedure are illustrated by the screen shots in
Figure 5.
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Fig. 4. Functional component of the hybrid network-defining procedure

The procedure of the neural component defining is shown in Figure 6. Figure 7
presents visualization of the neural component topology in the system NEURITIS.
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b) internal resources, ¢) visualization of internal function



48

J. BIEN, P. RAWA

SUBPROBLEM ANALYSIS

7/

NUMBEROFINPUTS & OUTPUTS

7/

FORM OF INPUT & OUTPUT DATA

/7

NBURAL NETWORK TOPOLOGY

7/

NBEURON ACTIVATION FUNCTION

/7

PARAM ETERS OF TRAINING PROCESS

V.

| PARAM ETERS OF TESTING PROCESS

7/

TRAINING & TESTING

T S S S S { S

EVALUATION
CRTERA

EVALUATION

COMPONENT

< EVALUATION XTR‘\INING&TSTINGX COMPONBENT ARCHITECTURE >

I NEJRON COMPONENT OF HYBRID NETWORK
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Defining the fuzzy component requires specification of the fuzzy inference mecha-
nism. The sequence of the basic steps of the component-defining procedure is pre-
sented in Figure 8. The process of the fuzzy component creation in the NEURITIS
system is illustrated in Figure 9.
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4. Applications in BMS

The presented technology of the knowledge representation by means of the hybrid
networks has been successfully applied in the Railway Bridge Management System
SMOK developed at Wroctaw University of Technology for the Polish State Railways
[19]. A functional scheme of this system is presented in Figure 10, where two expert
tools are shown:

¢ Bridge Evaluation Expert Function (BEEF) supporting evaluation of the technical
condition of the main elements of the bridge structures [14, 16].

e Prognosis Expert Function (PEF) aiding prediction of the bridge condition
changes [17, 18].
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Figure 11 shows an example of the hybrid network used in the BEEF for the
evaluation of the Technical Condition Index (TCI) of the column bridge pier made of
the reinforced concrete. A three-level hybrid network of neural, fuzzy and functional
components has been constructed.
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The evaluation of the TCI is based on the intensity and extent of the structure dam-
ages, according to the rules described in the Bridge Damage Catalogue [20]. About
200 hybrid networks have been created and implemented in the whole BEEF for the
combinations of the following parameters:

o type of the structure (bridge, footbridge, underpass, etc.);

o type of the structure element (main girders, deck, bearings, etc.);

o type of the construction (plate, box, beam, etc.);

o type of the construction material (steel, reinforced concrete, stone, etc.).

The presented version of the BEEF, as a part of the system SMOK, has been used
in the bridge management offices of the Polish State Railways since the year 2000.

5. Conclusions

The technology of multilevel hybrid networks is a powerful and effective tool of
the knowledge representation in the Bridge Management Systems. The main advan-
tages of the presented methodology of the information processing and utilization can
be listed as follows:

o effective composition of the data and knowledge in the computer-based BMS;

e integration of the diverse types of information on various levels of uncertainty in
one expert tool;

e unification of the decisions in the BMS due to application of the specialized ex-
pert tools;

e applications based on the hybrid network technology can be easily modified by
the improvement or replacement of the network components, without decomposition
of the whole network;

¢ technology of the hybrid networks can be developed by adding new types of com-
ponents and implementation of the self-modification mechanisms in the components.

On the other hand, it should be underlined that the preparation of network compo-
nents and the creation of practically effective networks is a very time-consuming
process, engaging quite large group of specialists. The preparation of the knowledge-
based expert tools for the BMS requires the cooperation of civil engineering experts,
knowledge engineers, computer scientists, etc. The presented technology needs the
continuation of the research and the extensive application study to create a more and
more effective knowledge representation.
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Hybrydowa reprezentacja wiedzy w systemach zarzadzania mostami

Rozwdj technologii komputerowych umozliwia stosowanie narzedzi ekspertowych wspo-
magajacych procesy decyzyjne w Systemach Zarzadzania Mostami. Zaproponowane w niniej-
szym artykule narzedzia ekspertowe wykorzystuja zarowno baze danych, jak i bazg wiedzy
systemu wspomagajacego zarzadzanie. Decyzje w procesie zarzadzania infrastruktura komuni-
kacyjna sa bardzo czgsto podejmowane na podstawie kompozycji réznego rodzaju informacji:
precyzyjnych, rozmytych, a takze niepewnych. Wymaga to stosowania specyficznych techno-
logii pozyskiwania informacji, ich reprezentacji oraz przetwarzania w systemie komputerowym
wspomagajacym zarzadzanie. W artykule zaprezentowano technologi¢ hybrydowej reprezenta-
cji wiedzy faczaca symboliczna i niesymboliczng reprezentacj¢ wiedzy. Zaproponowana tech-
nologia wielopoziomowych sieci hybrydowych umozliwia integracj¢ réznych technik repre-
zentacji wiedzy w jednym narzedziu komputerowym. W zaleznosci od rodzaju rozwiazywa-
nego problemu, a takze od typu dostgpnych informacji sieci hybrydowe moga by¢ tworzone
z komponentow neuronowych, rozmytych, a takze funkcyjnych.
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Determination of the design model for simulating
vibrations of steel beam bridges under moving trains

MONIKA PODWORNA
Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

The paper deals with single-track, single-span, simply supported steel railway bridges with two plate
steel girders and a ballasted closed platform; they are called steel/ beam bridges for short. A simplified
model, i.e. a design model, of the bridge—track—moving train system is constructed that simulates dy-
namic processes with the accuracy acceptable in practice. A physical non-linear high-performance planar
model of the system reflecting its all main structural features and mechanical properties and simulating
dynamic processes with high accuracy is applied as a comparative model. In a high-performance model,
there are taken into account, among other things, the Timoshenko effects in the superstructure, physically
nonlinear properties of the ballast layer and fasteners, vertical inertia forces of moving wheel sets, the
first- and the second-stage suspensions of rail-vehicles. Six main simplifications of the high-performance
model, creating the simplified models, are considered. Dynamic analysis of the bridge—track—-moving
train system, aimed at determining the design model, has been carried out for a series-of-types of steel
beam bridges.

Keywords: steel beam railway bridge, moving train, design model

1. Introduction

One of the standard types of railway bridges is built out of single-track, single-
span, simply supported structures, with the plate girders and a ballasted closed deck.
Jointless railway track is placed on a breakstone bed. This type of bridges is simply
called steel beam bridges.

The bridge—track—moving train system (BTT) has a fast-varying configuration and
is subject to forced and parametric excitations [1]. A problem of physical and mathe-
matical modelling of such systems is still valid as modern passenger trains are moving
at speed up to 360 km/h [2]. In Poland, the travels at a service velocity as high as 160—
250 km/h on some selected railway lines are planned.

The majority of papers on dynamics of BTT systems do not deal with relative flexi-
bility of a rail-track, among others those by Matsuura [3] and Klasztorny and Langer
[4]. Klasztorny [1] and Fryba [5] assumed a model of a track in the form of an Euler
beam on a linear viscoelastic base. In recent papers, more complex superstructures of
railway bridges are modelled as spatial bar structures using FEM [6—8].

A physical non-linear high-performance model (HPM) of the BTT system has been
developed in [9]. All basic structural features as well as mechanical properties of the
BTT system were taken into consideration. However, it is difficult to carry out dy-
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namic analyses using the HPM model because of difficulties in evaluating the values
of a few dozen parameters of the model and too long time of computations. Therefore,
determination of a simplified model of the BTT system, which simulates dynamic
processes with the accuracy acceptable in practice, seems to be valid. In this paper,
such a model has been termed the design model (DM).

2. Quasi-exact modelling the bridge—track—moving train system

The experimental and theoretical investigations of single-track, single-span steel
railway bridges prove that vibrations in the vertical plane that coincides with the
track’s axis are separated from lateral-torsional vibrations [1, 3, 5-8, 10]. Lateral-tor-
sional vibrations (swings) are of a secondary importance and are excited, first of all,
by snaking of wheel sets and random deviations of the system from ideal symmetry
with respect to the longitudinal vertical plane. In these circumstances, planar model-
ling of the BTT system is acceptable. Moreover, vibrations of the system can be
treated as geometrically linear (small displacements), and microroughness of rolling
surfaces of the rails can be neglected.

A scheme of a planar model of the BTT system, reflecting all main structural fea-
tures and mechanical properties, is presented in Figure 1. This model is termed a high-
performance planar model (HPM) which enables simulation of dynamic processes
with high accuracy. A simplified assumption has been made that the model takes into
account the flexibility of the track over the bridge and in finite zones of access. This
leads to distortion of the dynamic response of the system at the ends of the zones of
access. If the zones are long enough, these distortions will not affect considerably dy-
namic response of the superstructure as damping of the ballast layer is very heavy.

There are 6 mass subsystems in the HPM model: a bridge superstructure, subsoil in
the zones of access, sleepers on the bridge and in the access zones, rails on the bridge
and in the access zones, moving wheel sets, sprung masses of rail-vehicles (bodies and
truck frames).

A bridge superstructure is modelled as a sectionally-prismatic Timoshenko beam of
linear viscoelastic properties. Subsoil in the zones of access is modelled as discrete set
of linear viscoelastic oscillators which approximate a deformable pile under the ballast
layer [1]. A real continuous layer of the ballast is substituted for a set of vertical, non-
linear, elastic-damping constraints. These constraints are located under sleepers.
A one-sided type and initial compression of the constraints under the weight of sleep-
ers, fasteners and rails are taken into account in the model of the ballast. The damping
properties of the ballast are described as dry friction proportional to elastic interactions
carried by the ballast. The ballast mass is included either in the superstructure mass or
in the subsoil mass.

Prestressed concrete sleepers are reflected by a set of point masses vibrating verti-
cally. Fasteners are modelled as physically nonlinear viscoelastic elements. Different
stiffness with respect to compression and tension as well as initial compression of the
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fasteners are taken into account. There is assumed that damping properties are viscous
in character due to vibro-insulating pads, first of all. Rails are described by a prismatic
Euler beam of linear viscoelastic properties.
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Fig. 1. A conceptual scheme of the planar physical model of the bridge—track—moving train system [9]:
1 — a bridge superstructure; 2, 3 — track subsoil in the zones of access (2 — concentrated linear
viscoelastic elements; 3 — concentrated masses); 4 — ballast; 5 — sleepers; 6 — fasteners;

7 — rails; 8 — wheel sets of rail-vehicles; 9 — first-stage suspensions; 10 — bogie frames
with track engines; 11 — second-stage suspensions; 12 — bodies of rail-vehicles

Only conventional passenger trains are taken into consideration. Each rail-vehicle
has two independent double-axle trucks. A vehicle model is assumed as in [1, 3]; it
consists of four unsprung point masses reflecting wheel sets, two rigid mass disks re-
flecting bogie frames with track engines and a rigid mass reflecting the body of the
vehicle model. Four first-stage suspensions and two second-stage suspensions exist in
the vehicle. Each suspension is shown as a discrete vertical linear viscoelastic con-
straint. Sprung masses of the vehicle are stiffly guided in the horizontal direction coin-
ciding with the track axis.

A Timoshenko beam modelling the bridge superstructure is discretised mathemati-
cally using a finite beam element with 8 degrees-of-freedom (DOF). This element is
not affected by a shear-locking effect [11]. Generalised coordinates of the beam have
been assumed to satisfy all kinematical and kinetic boundary conditions.

A rail beam has been discretised with 6 DOF finite beam elements [11]. These ele-
ments protect continuity of the acceleration following positions of moving wheel sets
as well as zero curvatures at the ends of the beam. Dynamic pressure of moving wheel
sets on the track is then continuous as in reality.

Nodal points of the superstructure and the rails coincide with sleepers’ positions.
This makes calculating the interactions carried by the ballast and fasteners easier.
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Moreover, this allows us to calculate deflections and normal stresses in the super-
structure with good accuracy.

A method for deriving equations of motion of the BTT system partly in an implicit
form has been applied [1]. In this method, each subsystem is loaded with interactions
carried by ballast, fasteners and vehicles’ suspensions. The only exception are wheel
sets treated as moving unsprung masses without their own DOFs. These masses gener-
ate vertical inertia forces inserted in an explicit form into the rail equations of motion.
Matrix equations of dynamic equilibrium of the subsystems of the BTT system are
obtained using Lagrange’s equations of the second kind, applied separately in each
subsystem. Finally one obtains five matrix equations of motion partly in an implicit
form, i.e.

B,q, +xK,q, +K,q, =F,,
Baq'a + KaKaqa + Kaqa = Fa s
BSqS = FY > (1)
(B, +B,)d, +(xK, +C,) 4, +(K, +K,)q, =F,
B()qo = F() 4
where:
a dot describes a regular derivative with respect to time variable,
B,, K, — mass and stiffness matrices for a bridge superstructure,
B,, K,— mass and stiffness matrices for subsoil in the zones of access,
B, — mass matrix for sleepers of the bridge and in the zones of access,
B,, K, — mass and stiffness matrices for rails on the bridge and in the zones of acess,
B, — mass matrix for sprung masses of rail vehicle series,

ﬁ,,é,,f(r — matrices varying in time, resulting from vertical inertia forces of

wheel sets being in complex motion,

qs> 94> 9s> Gr» 9o — SuUbvectors of generalised coordinates describing vibrations of the
subsystems of the BTT system, respectively,

F,, F,, F, F,, F,— subvectors of generalised loads dependent on interactions related
to the subsystems of the BTT system,

x — time of retardation for steel,

Kk«— time of retardation for subsoil in the deformable zones of access.

Couplings and nonlinear influences are hidden in the generalised load vectors.

A full description of complex non-linear mathematical modelling of the BTT system
is presented in ref. [9]. There is shown a full mathematical description of finite beam
elements, calculations of non-linear interactions carried by constraints modelling ballast
and fasteners, calculations of linear interactions carried by rail-vehicles’ suspensions,
calculations of vertical inertia forces of wheel sets being in complex motion, calcula-
tions of subvectors of generalised loads for mass subsystems having their own DOFs.
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Equations (1) describe physically non-linear and geometrically linear vibrations,
transient and quasi-steady state of the BTT system. Quasi-steady state vibrations occur
for a train consisting of several repeatable driving or wagon units. A recurrent — itera-
tive algorithm for numerical integration of these equations, using Newmark’s average
acceleration method, has been developed [9].

3. A definition of the design model and a conception of its determination

In this study, dynamic and quasi-static responses in the design model (DM) coin-
cide, by definition, qualitatively and quantitatively with respective responses in the
high-performance model (HPM), with accuracy acceptable in practice. The qualitative
and quantitative compatibility relates to time histories of displacements and normal
stresses in the bottom fibres of the bridge superstructure. The solutions coincide if
relative errors are less than 1.5%.

A conception of determining the design model is as follows. The HPM model is
treated as a comparative model. A set of simplified models is created. The solutions
for simplified models are compared with respective solutions for the HPM model. The
DM model is in the set of simplified models. In this study, the following simplifica-
tions are made:

Ul —neglecting the sub-grade deformability,

U2 — assuming linear viscoelastic constraints that model both fasteners and ballast,

U3 — neglecting deformability of fasteners and assuming linear viscoelastic con-
straints modelling ballast,

U4 — neglecting deformability of fasteners, neglecting deformability of ballast in
the zones of access, assuming linear viscoelastic constraints modelling ballast on the
bridge,

US — neglecting Timoshenko’s effects (shear deformability and rotational inertia)
in the bridge superstructure,

U6 — neglecting vertical inertia forces of moving wheel sets.

The simplified models were built as combinations of the above-mentioned simpli-
fications. The models are coded by means of the combination of 6 digits (0 — a simpli-
fication is not taken into account; 1 — a simplification is taken into account). For ex-
ample, a code of 000000 describes the HPM model, a code of 111000 — the model
with U1, U2, U3 simplifications.

Dynamic analysis, whose aim being determination of the model design, was per-
formed for a series of types of steel beam bridges. In this way, one can derive a design
model for a selected type of bridges.

Dynamic analysis for a series of types of steel beam bridges is also presented in ref.
[12]. The analysis was aimed at classic dynamic coefficient of displacements and nor-
mal stresses versus service velocity of a train. The 100011 model was used, partly ap-
plying the vibration theory developed in ref. [9].



62 M. PODWORNA

4. A series of types of steel beam bridges

Dynamic analysis of the BTT systems, aimed at determining the DM model, has
been carried out for a series of types of steel beam bridges designed by Machelski
[13], according to all requirements of Polish Standards [14, 15]. In this study, the
static calculations given in [13] are improved.

The main dimensions of a cross-section at the midspan of the SB15 (/ = 15 m)
bridge are shown in Figure 2. The following parameters of the cross-section depend on
a span length: a height of the main beam, dimensions of the cover plates and a dis-
tance between the main beams. The parameters data describing a series of types of
steel beam bridges is listed in Table 1 ( / — the span length, m — the bridge mass per
unit length at the midspan (without sleepers and rails, J — the moment of inertia of a
cross-section with respect to the central horizontal axis).

Table 1. Values of the basic parameters of the bridges

Bridge code SBI15 SB18 SB21 SB24 SB27 SB30
/ [m] 15.00 18.00 21.00 24.00 27.00 30.00
M [kg/m] 4820 5380 5970 6580 6620 6720
J [m*] 0.04452 0.06812 0.09840 0.14439 0.19770 0.27356
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Fig. 2. A cross-section at the midspan of SB 15 bridge [13]
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5. Determination of the design model

Discretisation of the BTT system according to FEM in some cases gives 652
DOFs, in total. The algorithm has been programmed in PASCAL. A method for de-
riving equations of motion partly in an implicit form yields strip matrices of the width
of 7, 11 or 15, and also diagonal matrices. This results in shortening 2—3 times the
time of computations.

Simulations of dynamic processes of the BTT system have been carried out for
a stabilised track in a summer period. The track contains S60 rails, SB3 fasteners and
PS94 concrete sleepers. Average values of the physical parameters of the track, de-
scribing a nonlinear model assumed in this study, were estimated based on a number
of references [1, 5, 6, 16, 17, 18]. They are given as follows:

m, =130kg/m, I, =6110cm*, m, =294kg,

k.=120 MN/m, k, =32.5 MN/m, c; =16 kNs/m,

k, =165 MN/m , ¢ =0.36, m,, =3150kg/m, ¢, =50kNs/m,

E, =150 MN/m*, b, =4m, h,=1m, p, =1750kg/m’ , x, =0.002s,

where:

m,— the mass per unit length of a pair of rails, including weight of fasteners,

I, — the moment of inertia of a cross-section of a pair of rails, with respect to the
horizontal central axis,

m;— the weight of a sleeper,

k. — the stiffness with respect to compression of fasteners per one sleeper,

k, — the stiffness with respect to tension of fasteners per one sleeper,

¢s— the viscous damping coefficient of fasteners per one sleeper,

ky, — the stiffness with respect to compression of ballast per one sleeper,

u— the dry friction coefficient of ballast,

my, — the ballast mass per unit length in the zones of access,

¢, — the viscous damping coefficient of subsoil of the length d,

E, — the Young’s modulus of subsoil,

b, — the width of deformable pile of subsoil,

h, — the height of deformable pile of subsoil,

pa — the mass density of subsoil,

Kk, — the retardation time for subsoil.

The rules for selecting the values of numerical parameters ¢, 4, A are presented in
ref. [9], where: & [s] — the integration step, 4 [m/s] — the smoothing parameter of a dry
friction characteristic of ballast, ¢ [N] — the parameter of accuracy in an iteration loop.

A Shinkansen superexpress passenger train, whose mass, stiffness and damping pa-
rameters of a repeatable vehicle being collected in [1, 3], runs across the bridges. The
train consists of 8 repeatable power units.
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Numerical analysis has been performed based on dynamic time-histories of the
bridge superstructure’s deflections at the midspan and at % of the span and based on
dynamic time-histories of the bridge superstructure’s bottom normal stresses at the
same cross-sections. The numerical results showing the influence of the simplifica-
tions on the extreme values of the displacements and stresses are listed in Table 2.
These values correspond to forced resonance velocities of a train for individual
bridges [12], provided that the train consists of four repeatable vehicles.

Neglecting the subgrade deformability (100000) lead to an insignificant increase
in the maximum displacements (up to 0.10%) and in stresses (up to 0.29%) in com-
parison to the HPM model. This is associated, first of all, with neglecting the energy
dissipation in the subsoil.

Neglecting the subgrade deformability and assuming linear viscoelastic con-
straints modelling fasteners and ballast (110000) lead also to insignificant increase
in the maximum displacements (up to 0.16%) and in stresses (up to 0.22%) in com-
parison to the HPM model.

Making the Ul and U2 simplifications and neglecting deformability of fasteners
(111000) we increase the maximum displacements up to 1.23% and the stresses — up
to 1.30% in comparison to the HPM model.

Neglecting the above features as well as deformability of the ballast in the zones
of access (111100) leads to significant differences in the maximum displacements
(up to 2.82%) and in stresses (up to 3.90%) in comparison to the HPM model.

There was analysed the dynamic response of the main girders related to the ac-
cess zones of the length ranging from 0.30 to 12.30 m. Shortening the access zones
from 12.3 m to 6.3 m yields the differences in the maximum displacements and
stresses up to 0.87%. Shortening the access zones from 12.3 m to 3.3 m results in the
differences in the maximum displacements and stresses up to 0.19%. These results
prove that the access zones of 12.3 m length are acceptable in the problem under-
taken.

The Timoshenko effects (000010) should be taken into account in the design
model because of valuable differences, both qualitative and quantitative, in compari-
son to the HPM model. Deviations in the maximum values of displacements and
stresses reach 2.70% and 5.63%, respectively.

Neglecting vertical inertia forces of moving wheel sets (000001) may lead to sig-
nificant qualitative and quantitative differences in comparison to the HPM model.
Deviations in the maximum values of displacements and stresses reach 15.68% and
17.90%, respectively.

Table 2 shows that the U1, U2, U3 simplifications are acceptable in the BTT sys-
tem (provided that subgrade deformability, non-linearity of constraints modelling
ballast, and deformability of fasteners are neglected). The DM model has then the
code 111000.
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Table 2. The influence of simplifications on the maximum values of deflections
and bottom normal stresses in a series of types of steel beam bridges

Bridge code SB15 SB18 SB21 SB24 SB30 max
v [km/h] 270 250 270 240 280
model 100000
Aw (0.51,¢) [%] 0.10 0.02 0.01 0.01 0.01 0.10
Ac (0.511) [%] 0.29 0.03 0.00 0.01 0.04 0.29
model 110000
Aw (0.51,1) [%] 0.16 0.07 0.04 0.01 0.03 0.16
Ag (0.511) [%] 0.22 0.10 0.08 0.08 0.10 0.22
model 111000
Aw (0.51,¢) [%] 1.23 0.11 0.11 0.24 0.05 1.23
Ac (0.5L1) [%] 1.30 1.05 0.26 0.26 0.10 1.30
model 111100
Aw (0.5,) [%] 2.82 0.38 0.20 0.80 0.21 2.82
Ac (0.501) [%] 3.90 2.74 0.42 1.17 0.22 3.90
model 000010
Aw (0.51,¢) [%] 2.70 1.07 0.16 0.39 1.46 2.70
A (0.511) [%] 5.63 1.41 0.98 1.02 2.58 5.63
model 000001
Aw (0.51,) [%] 15.68 5.02 0.73 0.43 1.07 15.68
Acg0.501) [%] 17.90 4.30 1.56 1.41 2.41 17.90
o 39\ SB15 / SHI / 270 / sigma (0.51,t) [MPa] 111100 vs 111000 \
N | A ﬁ A n
27.5 ‘ U u U ‘ ‘ L)
0 0.60 . 1.8 2.4 3.19

Fig. 3. The dynamic time-history of bottom normal stresses at the midspan of the main girders of the
SB 15 bridge. Load: Shinkansen train, 8 repeatable vehicles, v =270 km/h. The effect of deformability
and damping of the ballast in the zones of access
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SB15/ SHI/ 270 / sigma (0.51,t) [MPa] 111010 vs 111000 |
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Fig. 4. The dynamic time-history of bottom normal stresses at the midspan of the main girders
of the SB 15 bridge. Load: Shinkansen train, 8 repeatable vehicles, v =270 km/h. The effect
of shear deformability and rotational inertia of the bridge superstructure

SB15 / SHI / 270 / sigma (0.51,t) [MPa] 111001 vs 111000 |

NN 1
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35.6 : : : :
0 0.60 1.2 1.8 2.4 3.19

Fig. 5. The dynamic time-history of bottom normal stresses at the midspan of the main girders
of the SB 15 bridge. Load: Shinkansen train, 8 repeatable vehicles, v =270 km/h.
The effect of vertical inertial forces of moving wheel sets
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The influence of the U4, U5, U6 simplifications on normal stresses in the bottom
fibres of main girders of the SB15 bridge is illustrated in Figures 3-5. Figure 3 illus-
trates the influence of subsoil deformability in the access zones. A heavy curve repres-
sents the approximate solution for the 111100 model, while a light curve — the solu-
tions for the design model (111000). Figure 4 shows the Timoshenko effects in bridge
superstructure. A heavy curve represents the approximate solution for the 111010
model, whereas a light curve — the solutions for the design model (111000). Figure 5
presents the effects of the inertia forces of wheel sets. A heavy curve represents the
approximate solution for the 111001 model, and a light curve — the solutions for the
design model (111000). Solutions for the DM model coincide practically with the
solutions for the HPM model (000000).

6. Conclusions

In dynamic analysis of steel-beam bridges under high-speed trains, one should take
into account:

e vertical inertia forces of wheel sets of moving vehicles,

e shear deformations of a bridge superstructure,

o track deformability in the zones of access and on the bridge.

On the other hand, one can neglect:

o deformability of subsoil,

e non-linear features of ballast,

o deformability of fasteners.

The design model, i.e. a model with simplifications acceptable in practice, seems to
be linear. Due to dynamic analyses carried out with the DM model it was possible to
shorten the calculation time 2—3 times. Using a PC with Pentium IV processor and 700
MHz clock we are able to arrive at an average computation time of 1.3 hour.

The results presented in this study have to be validated by respective experiments,
before applying them in engineering practice.

The design model is useful for evaluating the displacement and stress states of the
bridge superstructure. However, some dynamic problems such as track stability re-
quire simulations run on a non-linear HPM model.
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Wyznaczenie modelu projektowego do symulacji drgan belkowych
mostow stalowych obciazonych przejezdzajacymi pociaggami

W artykule rozpatruje si¢ jednotorowe, jednoprzgstowe, swobodnie podparte stalowe bel-
kowe mosty kolejowe z dwoma petnosciennymi dzwigarami glownymi i balastowanym pomo-
stem zamknigtym. Celem pracy jest wyznaczenie tzw. modelu projektowego uktadu most—tor—
pociag ruchomy, tj. modelu z uproszczeniami dopuszczalnymi z inzynierskiego punktu widze-
nia. Jako model poréwnawczy przyjeto tzw. model quasi-Scisty, odwzorowujacy wszystkie
glowne cechy i whasciwosci mechaniczne uktadu oraz symulujacy z duza doktadnoscia drgania
uktadu w ptaszczyznie pionowej. Model quasi-Scisty uwzglednia m.in. efekty Timoshenki
w konstrukeji no$nej, fizycznie nieliniowe wlasciwosci podsypki i przytwierdzen szyn do pod-
ktadow, pionowe sity bezwladnosci ruchomych zestawow kolowych, zawieszenia pierwszego
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i drugiego stopnia pojazdow szynowych. Rozpatrzono 6 gléwnych uproszczen modelu quasi-
Scistego, ktore tworza modele uproszczone. Analizg¢ dynamiczng uktadu most—tor—pociag ru-
chomy, ukierunkowana na wyznaczenie modelu projektowego, wykonano na typoszeregu bel-
kowych mostoéw stalowych.
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Internal forces due to live loads in a bridge structure
comprising a steel space frame and a concrete slab
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The possibility of using two models of geometry in the analysis of bridges consisting of a tubular
frame combined with a concrete slab is presented. The first model is derived from the orthotropic plate
theory and the second one is a discrete model including beam elements (the structure) and shell elements
(the slab). This makes it possible to adopt some easy to model flat two-dimensional elements. Also, the
use of the Guyon—Massonnet distribution method is possible, if preliminary dimensions of structural
elements are chosen. The concept of evaluation of torsional stiffness for equivalent orthotropic plate is
developed. The algorithms for determining the influence of the surface of internal forces and normal
stresses in structural members in the case of discrete model are given, which is necessary for a detailed
static analysis. The algorithm based on kinematic method is essential for the use of standard FEM
software. The practical use of the algorithms proposed is shown by numerical examples.

Keywords: internal forces, bridge structures, composite structures, steel space frame

1. Bridge profile and configuration

A steel tubular grid space frame has been usually used for masts, towers, long-span
roofs and offshore structures. In recent years, the steel tubes have been more com-
monly used also in bridge engineering. The composite structures combining steel tu-
bular space frame with a concrete slab experience their renaissance nowadays. As
a result of the composite action, the structure maximizes the advantages of strength
characteristics of both materials. Concrete used to form the deck slab, i.e. the top plane
of bridge, is subjected to compression and to the largest fatigue loading. Steel used in
the middle and bottom planes of bridge is exposed to the greatest tension. The combi-
nation of both components aims at optimizing the structural performance of concrete
deck acting along with a steel frame so as to obtain the effect that surpasses that of-
fered by the traditional bridge system and best meets the contemporary requirements
(Figure 1).

The steel space frame is very effective construction solution that is suitable for
highway and railway bridges, arch bridges and for the deck system of cable-stayed and
suspension bridges [1]. One can regulate the stiffness of the cross-section of bridge by
applying various diameters of tubes and by affecting geometric configuration of grid
and concentration of elements on the length and width of bridge section, adjusting it to
needs and requirements. The construction can be also adjusted to a variety of static
schemes which allows us to achieve a particular architectural shape. The high tor-
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72
sional and transverse stiffness and great resistance to distortion during the various
stages of erection renders it suitable for aerodynamic and stability-sensitive cable-sup-

ported bridges and for broad range of curved in plan and skew bridges.
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Fig. 2. Section of the part of the span
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The space frame is constructed from steel tubular members with the use of cast or
welded steel nodes. The members are cut, profiled and bevelled by automatic ma-
chines [2]. All joints are made as circumferential butt welds in semi-automatic high-
quality welding processes. The cast steel nodes characterized by considerable fatigue
strength are usually used in bearing area and in high-stress concentration nodes where
the danger of negative effect of fatigue exists. The other braces of chord joints are
very complicated due to geometry configuration (three-dimensional KK pattern,
Figure 2) and require computer precision to perform cutting and welding. The con-
crete slab is connected with the top-plane longitudinal primary members by shear
connectors. Furthermore it can be connected with the top-plane transverse secondary
members in the case of wide deck. Whenever it is required, the system of post-ten-
sioning cables may be used to prestress the concrete slab over intermediate supports in
continuous construction to eliminate tensile stresses. The external cables, easy to reach
and accessible for inspection, can be also successfully applied.

2. Influence surface for axial forces

The steel space frame combined with the concrete slab can be modelled by means of
one-dimensional beam elements (the steel space frame members) and two-dimensional
shell elements (the concrete slab) which in the case of the construction described is con-
sidered to be utterly correct model to carry out static analysis. To ensure the compatibil-
ity of rotational and linear displacements all elements are connected to each other rig-
idly. The joints can be modelled as well taking into consideration local distortion which
means that the incompatibility of rotational displacement is assumed [3].

Fig. 3. Cross-section of bridge to be analyzed

A general rule governing this kind of structures proves that the crucial static effort
is that of steel members. The concrete slab in such a combination takes concentrated
loads from vehicles and braces the structure, especially when subjected to horizontal
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loads. Usually, the concrete deck is not used fully if its ultimate load capacity is taken
into account. For that reason, in the paper only the issue of internal forces in the space
frame is addressed. The cross-section of bridge to be analyzed is shown in Figure 3.
The specificity of behaviour of structure due to moving load (live load) is studied with
the help of the concept of influence surface for internal forces. Owing to the position
of moving load on the deck and bars intersecting at nodes, the characteristic internal
forces for that type of construction are the axial ones. Thus, the influence surface
&(x,y) determines the axial force NV in a selected element in space frame, depending on
the position of the external force P(x,,y,) acting vertically to the surface of slab

N =P-&(xp, yp). (1)

An effective numerical algorithm for the influence surfaces is the kinematic
method explained in [4, 5]. The substitute load for the member of structure under
consideration is then an imposed kinematic displacement, which results in the de-
flection surface of the bridge deck. The displacement perpendicular to the plane of
slab can be considered as the influence surface of axial load &(x,y), as in (1).

Fig. 4. Node loading of the imposed kinematic displacement for influence
surface at internal forces and normal stresses



Internal forces due to live loads in a bridge structure 75

The imposed kinematic displacement for axial force in the bar fixed at the nodes
i, k is in equilibrium with two coaxial forces, as shown in Figure 4a, which yields

N, =N, = (E—Aj , )
a Ji

where EA is the axial stiffness of a bar of the length a.

It is assumed that those forces cause the bar to elongate by unit value. The second
kind of the imposed kinematic displacement as effective as the first one is in the form
of the linear change of temperature At of this bar, which can be calculated using the
formula

N-a
1—( o lk—(a-m)a,«k (3)

and which takes the following form

a - At =L, @)
A

where a is the coefficient of thermal expansion. It enables us to apply the imposed ki-
nematic displacement in each single member of structure.

For bridges of a regular shape (in plan), the influence surface can take three charac-
teristic forms. They are shown as contour plans in Figure 5. The plans were obtained
from the analysis of the simply-supported, single-span bridge of the length L=35.20 m
and of such construction dimensions as t=0.21 m, 5=2.00 m, #=2.10 m shown in
Figure 3, and concern the bottom-plane longitudinal bar members, the bottom-plane
transverse bar members and diagonal braces (n =10 and B, =B =20 m). The centers of
the bars under consideration have the following coordinates:

e longitudinal bar, x=15.40 m and y=10.00 m;

e transversal bar, x=16.50 m and y=12.00 m;

e cross brace, x=5.50 m and y=16.50 m.

In Figure 5, the axis system has its origin in the bottom left-hand corner. Directions
in Figure 5 are as follows: the horizontal x-axis parallel to the length L of span, the
y-axis is perpendicular to the first one (vertical in Figure 5).

The influence surfaces for axial forces given in Figure 5a, b are very similar to the
influence surfaces for the bending moment of longitudinal and transverse girders in
the multibeam bridges. The influence surfaces for axial force in diagonal braces, see in
Figure Sc, express the nature of local behaviour of that member.
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Fig. 5. Influence surface for axial forces in the members of the space frame for single-span bridge:
a) bottom-plane longitudinal bar, b) bottom-plane transverse bar, c) diagonal bar



Internal forces due to live loads in a bridge structure 77

3. Influence surface for normal stresses

At the structure nodes, besides the axial forces there occur the bending moments,
which are highly significant to normal stresses. In order to estimate the effort of the
bar cross-section, it is essential to take into consideration simultaneously the axial
forces N and the bending moments M, which are included in the following equations

O-min: ﬂ_ﬂg (5)
A 1 2),

and

G = (N A 2) (6)
A I 2

where: 4 —the area and /—the moment of inertia are the geometric characteristics of
the cross-section of a tube, and D is its diameter.

The imposed kinematic displacement method for the normal stresses Spin and Spax
can be formulated in terms of equivalent loads given in Figure 4b, c. The boundary
forces take the following values:

e For the node i one can obtain

M, = 422=2D—

a 21 a

EI D E
V.=6— =3D—, 7
EPEREYE a’ @
b EAL_E

a A a
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The influence surface for normal stresses can be compared to the results shown in
Figure 5. The imperceptible differences in the shape of graphs are due to a small influ-
ence of bending moments. In the special case, where M =0, the shape (but not the or-
dinate) of the influence surface N and of the influence surface s are identical.

4. The model of orthotropic plate

In the past, the bridges of a regular configuration, for example beam-plate bridges,
have been modelled based on the theory of technical orthotropy. By means of the
equivalent orthotropic model proposed, one can reduce the complex structure with
a great number of nodes and elements to a considerably simpler model which at the
same time ensures an the appropriate accuracy of results — especially for the prelimi-
nary stage of design [5].

In the case of structure being analyzed that is shown in Figure 3, due to vertical
loads perpendicular to its surface p(x,y), one can express the solution in terms of
orthotropic plate equation

4 4 4
xazv+2H 62W2+Dyav4v
ox Ox~0y oy

=p(x,»). 9)

In Equation (9), there are the flexural rigidities D, and D, that can be obtained consid-
ering the strip of deck (i.e. equivalent beam) separated from the structure. This strip is
a repetitive element of the cross-section of bridge. The stiffness properties of one strip
shown in Figure 6 should be determined like for the steel-concrete composite cross-
section where the concept of equivalent cross-section being made of one homogene-
ous material (for example, steel) of the values EI, and EI, is accepted. Hence, one can
calculate

D=k (10)
and

El,
Dy ZT. (11)

In such a case, the torsional stiffness of the orthotropic plate H is the implicit func-
tion of several variables of geometric parameters. Hence, in order to estimate it, the
comparative analysis was carried out. It allowed the conclusion that the results calcu-
lated from orthotropic plate equation were in conformity with the results obtained
based on the discrete model (being discussed in chapter 2). As a result of analysis, the
flexural stiffness of orthotropic plate H was evaluated assuming a criterion of consis-
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tency of the transverse profile of the influence line for axial forces in the bottom, lon-
gitudinal elements of structure.

al
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Fig. 6. Value of the parameter a, depending on the number of segments (strips)
in transverse cross-section of bridge

The dimensions of the cross-section of bridge, i.e. b, ¢, &, and the number of longi-
tudinal strips » were assumed as variable parameters. The range of change of geomet-
ric parameters is represented by the coefficient 0.75 < ¢ < 1.25 related to basic di-
mensions given in Figure 3 according to the relationships

b =2.00-4,
t=021u [m], (12)
h=215u.

The value of the torsional stiffness H is determined as in Figure 6 and 7 in terms of
the parameter «. Its value is a characteristic parameter of the solution of orthotropic
plate equation (9) presented in the form

A
/DD,

which gives

H=a[DD, . (14)

The number of segments (in other words beams or strips) set in the cross-section of
bridge is of crucial importance for the value of H (assuming that the segments have

(13)

o=
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the same dimensions being independent of 7) and causes the significant reduction of
parameter « in (13). This reduction can be omitted in the analysis of beam-plate
bridges because it is considered that the number of 7 influences the value of the sec-
ond characteristic parameter of orthotropic plate rectangularly shaped (in orthogonal
projection) in linear manner

-b |D
g="0b D (15)
L \\D
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o h
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Fig. 7. Value of parameter a depending on the dimensions of bridge elements

The change in the dimensions of cross-section does not lead to increasing signifi-
cantly difference in the values of H. In Figure 7, there is shown the graph of the func-
tion a(n) provided that in the changes one selected dimension (b, 4, t) is taken into ac-
count.

5. Summary

Internal forces due to dead load depend on the technology of erection of bridge and
the construction of connection of concrete slab with the top plane of steel frame. As
a result of rheological processes, which occur inside the concrete slab, the redistribution
of internal forces in composite steel-concrete structure occurs. For that reason, deter-
mining of internal forces due to dead constant load is treated as a distinct problem.

In the paper, two algorithms of static analysis based on various models of geometry
were given. For the model defined on the basis of orthotropic plate, the method of de-
termining the torsional stiffness with the help of the parameter « (13) was presented.
In such a type of construction, the dependence of « on the geometry of span (of hori-
zontal projection) determined by the values of ¢ (15) was analysed. The model estab-
lished in such a way makes it possible to carry out all calculations by hand.
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In the case of the discrete model comprising one-dimensional elements (the bars)
and two-dimensional element (the slab), the solution is developed in the form of the
influence surface for internal forces. That solution can be applied to constructions of
various shapes (as well as of space frame transversally variable in depth) and of any
boundary conditions (supports, for example cable-stayed bridges) and of any configu-
ration in its own plane (irregular outline of deck). Numerical algorithm makes it pos-
sible to couple with FEM programs [5].

Comparing the values of a shown in graphs, one can claim that they are localized
in proper place with reference to the box girder bridges (a ~1) and multibeam bridges
(a—0).
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Sily wewnetrzne od obciazen zmiennych w mostowych
strukturach pretowych zespolonych z plyta pomostowa

Niniejsza praca dotyczy mostow utworzonych ze stalowej struktury pretowej zespolonej
z betonowa plyta pomostowa. Przedstawiono w niej mozliwosci wykorzystania do analizy sit
wewngtrznych dwoch modeli geometrycznych w postaci: 1) plyty ortotropowej oraz 2) uktadu
dyskretnego, utworzonego z elementéw pretowych (struktura) i ptaskich elementéw powtoko-
wych (ptyta pomostowa). Dla modelu przgsta w postaci plyty ortotropowej podano sposob
okreslania sztywnoS$ci na skrecanie H, uciazliwej do okreslania w obliczeniach. W przeprowa-
dzonej analizie wskazano na istotna zalezno$¢ parametru H od liczby segmentéw n oraz nie-
wielki wptyw parametréow geometrycznych przekroju poprzecznego przgsta.

W przypadku modelu dyskretnego podano rozwiazanie w postaci powierzchni wplywu sit
wewngtrznych w elementach struktury pretowej. Dotyczy ono zaréwno wielkosci przekrojo-
wych M, N, T (momentdéw zginajacych, sit osiowych czy tez poprzecznych), jak réwniez na-
prezen normalnych o. Podane rozwiazanie odnosi si¢ do obcigzen ruchomych, zmieniajacych
swoje potozenie na ptycie pomostowej obiektu.
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Sity wewngtrzne od obciazen stalych w tych konstrukcjach zaleza w znacznym stopniu od
technologii montazu przgsta i sposobu zespalania plyty ze struktura stalowa. W wyniku zacho-
dzacych w betonie proceséw reologicznych wplyw obciazen statych na sity wewngtrzne nalezy
rozpatrywac jako odrgbne zagadnienie.
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Nonlinear modelling of composite beams
prestressed with external tendons
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Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

An algorithm for analysis of capacity and behaviour of steel-concrete beams prestressed with external
cables has been presented. Nonlinear constitutive laws for concrete and constructional and reinforcing
steel can be taken into account, in a way similar to that adopted in the case of nonlinear slip dependence
and nonlinear studs’ distribution along the beam. According to the method presented, completed com-
puter program has been created and used for solving the problem of the influence of cable profile and the
stiffness of shear connection on the forces in shear connection during prestressing.

1. Introduction

External prestressing of composite steel-concrete beams as a method of their
strengthening is to be applied most of all in bridge engineering [3, 7, 8]. Symmetrical
cable arrangement, while placed along the bottom flange of the beam, is most often
applied. Cable profile can be straight [7] or rectilinear [8]. Shear connection stiffness
and studs’ distribution are to be found as important factors influencing the behaviour
of whole beam, both in prestressing and serviceable states. The method enabling
analysis of such structures based on nonlinear constitutive laws for concrete, steel and
shear connection taken into account, nonlinear studs’ distribution along the beam and
any cable profile is presented in this paper. Taking advantage of this method, the re-
sults of the analysis of prestressing influence on the forces in shear connection are de-
scribed.

2. Subject of the analysis and the method proposed

The idea of a beam is shown in Figure 1. For the sake of simplicity a simply sup-
ported beam has been taken into consideration.

The method proposed is the Ritz method which roughly consists of a solution with
a finite set of shape functions selected from orthonormal base. It allows us to analyse
monosymmetrical beams in elastoplastic range, both simply supported and continuous
ones. Load pattern is any. Slab reinforcement can be included. Constitutive laws for
structural steel, reinforcements, prestressing steel, concrete and shear connection can
be different. The method enabling solving the problems without weak shear con-
nection included was published [1].
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Fig. 1. Scheme of composite beam prestressed with external cables

3. Method without weak shear connection

Dall’Asta and Dezi [1] supposed cable slipping in contact points except anchor-
ages, homogeneous cable material, small displacements and uni-axial bending and de-
scribed the displacements of beam points by two functions u(x) and v(x). Strain field
in the beam can presented as follows:

&, = 6; =u’(x)—y-v”(x). (1

The beam displacements determine unambiguously the displacements of cable points
and thereby axial strain of cable. After essential mathematical transformations one can
arrive at axial strain in a cable:

12
& = ]Zad [(4yu—24,(y-V)]+ By 4,v, @)
1

where / is the cable length in an initial state, coefficients a, and S, stand for location
of anchorages and saddle points, respectively (they depend on the y and z co-ordinates
only) and the quantities 4,, according to the specific functions (u(x), v(x) and v’(x)),
represent the difference in the values of these functions between two saddle points.
Taking constitutive laws described by means of the function G;, one can obtain re-
spectively the stresses in steel, concrete and cable (for the sake of simplicity rein-
forcements are avoided):

Gs = Gs (‘gs - 8s0)7 (33)
O, = Gb(gb - gbo)’ (3b)

o, = Gc (‘gc — &0 ) ’ (3C)
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where 0 in the subsciprt represents the initial strain field, e.g. prestressing.
A global balance condition of the system can be expressed in the form:

T o, ~5ssdAsdx+_L”c7b Se,dAydx+A- A, 0,56, =j [1-sudx, (4)
0 0

As 0 4b As+4b

where A, A, and A, are the cross-sectional areas of steel beam, concrete slab and ca-
ble, respectively, and the right-hand side of the equation represents the work of exter-
nal loads. After transformations to the parts responsible for energy from axial force
and bending moment it can be rewritten in the form:

N(u' v'")Su'] dx+.[ u' V')V dx

o'—-.l\

L
+A4- Tc(ud,vd,v’d )5ec(ud,vd,v'd)=I[n5u +qgov+ m5v’]. (5)
0

The functions u and v can be approximated by means of a finite set of shape functions
to approximate solution of the functional problem. This was done by reducing the
functional problem to an algebraic one:

1

ulx)=> ;¢ (x)=u-o(x), (©)

1

J

o(x)= 30,1, ()= v w(x). g

1

In order to hold the global balance condition for every-shape function, it is possible to
derive the nonlinear set of / + J equations:

8]7 =0 at  i=1..1,
6u
(®)
8]7 =0 at  j=I+1..J.
av

There are two groups of equations in this set, and the number of equations in the
group is equal to the number of shape functions of the group. The Newton—Raphson
method can be used for solving nonlinear set of equations. To that end a square gra-
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dient matrix should be assembled in every iterative step. A detailed description of the
parameters and derivation of the formulas can be found in paper [1].

4. Taking weak shear connection into account

The approach that allows taking a weak shear connection into account was pre-
sented by Dall’Asta et al. [2], who described the strain field by functions representing
the displacements of centroids of steel beam and concrete slab separately. In the pre-
sent paper, there is presented an alternative approach where all functions treat the dis-
placement of centroid of composite section in the initial state (no slip and all stresses
amount to zero). According to this, strain field is described by three functions of dis-
placements:

u(x) — the displacement of points of steel beam in horizontal direction, i.e. in the x-
direction (the composite beam axis consists of the points initially lying on the x-axis),

h(x) — the function describing the displacement of the points of concrete slab in
horizontal direction due to slip,

v(x) — the displacement of the points of composite beam in vertical direction, i.e. in
the y-direction.

Such a displacement field provides only the axial strains in a steel beam and
concrete slab and slip, respectively:

g, =u'(x)—yv"(x), (9a)
g, =h'(x)-y-v"(x), (9b)
s =u(x)—h(x). (9¢)

Description of the cable strain remains unchanged compared to that presented in
the paper [1], assuming that the cable is connected with steel beam only, as the most
often takes place in such structures. The three functions enable modelling of the struc-
ture based on nonlinear constitutive laws for steel, concrete and shear connection as
nonlinear studs’ distribution along the beam. Constitutive law for the shear connection
needs to be applied:

F.=G.(s—s,). (10)

For the sake of simplicity the reinforcement of slab is avoided in equations, and
a global balance condition (4) can be expressed as follows:

jjo; -5ggdAde+_L”6b ~5gbdAbdx+jU(x)-Gz(s)-5s-dx+/1-Ac - 0,06, =2[f-6qux. (11

04s 04b L
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The vector f remains unchanged if only vertical external load is considered. The func-
tion v(x) describes a density of studs’ distribution along the beam. The approximated
solution can be expressed in the form:

u(x)= Zui -¢,(x) h(x)=>"h n,(x)s v(x)=>v, w,(x). (12)

According to Equations (12) nonlinear set of equations now consists of three equa-
tions:

617 =0 at i=1..1,

8u

a—H=0 at i=7+1.K, (13)
Oh,

817 =0 at i=K+1...J.

6v

After substitutions and mathematical transformations it can be rewritten as follows:
L

j G.(e,—e,) ¢, dA, dx+j G.(s—s,) ¢,dx

0

+AG.(e,— ¢, Zadzl @, J.J.asqﬁhdAsdx, h=1..1,

0 4s

L
jJGb Ep —&Epo U'hdAbdx_jU(x)'Gz( _So) nydx
04

L

i~

L
[[owmdads, h=I+1.K, (14)
0

b

N

_j: Gs(gs—gs - l// hdA dx—J.J.G gbo)'l//”h dAbdx
0

As 0 Ab

+4,G.(e,— &, Z[ﬂd =g 4,(vv',)]

:j [leyvi-y-ownlasdx,  h=k+1.0.

0 As+4b
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The above set comprises three types of equations, which results in nine different
types of components of gradient. Because of the symmetry of the gradient, it is possi-
ble to reduce the terms in order to compute six types of components:

¢ Derivatives of the u-type equations with respect to the u-type coefficients:

¢ oG, (¢, - t 0G.(s -
[Va]hm:_([¢7’h‘¢"m {de As}dx+J‘U(x)'%‘(ﬂh @, dx

Ac &s 0

0G,(¢) L <
+4, P ( )'Z[adAd (ph]'Z[adAd(pm]'
€T 1
o Derivatives of the u-type equations with respect to the 4-type coefficients:

[Val,= —IU(X)-@-% T,
0 A

o Derivatives of the u-type equations with respect to the v-type coefficients:

i 96, (e, -
[Va]hm: _J.¢)'h 4 ”m {J.y : . (;Y 8X0)dAs }d'x
0 As

gS

dG D D
+Ac d;(g)Z[adAd(ph]Z[ﬂdAd Vo _adAd(yV/'m )]
c 1 1

¢ Derivatives of the A-type equations with respect to the /-type coefficients:

L
[va]hm: J‘n‘h'n'm {jwdAh}dX‘f‘U(x)'M'nh M -
0

M & os

¢ Derivatives of the i-type equations with respect to the v-type coefficients:

L
[Va] hm™— _J‘n'h 'l//”m {J.ywdAb}dx
0

Ab b

¢ Derivatives of the v-type equations with respect to the v-type coefficients:
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oe

As s

L
[Valu==[v" v, {fyz 26,62 210) _5s°)dAs}dx
0

L
_J-l//”h'l//”m J'yZ.MdAb dx
0 Ab 65b

aGc(S) D ' S '
+Ac7'z [ﬂdAd‘//h —a,4,(vy h)]z [ﬂdAdl//m —adAd(yl// m)]
" i

5. Analysis of the influence of cable shape and studs’ distribution on forces
in shear connection during prestressing of composite beam

In practice, there is usually no slip considered in the analysis of prestressing of
composite beams, but as a rule the Kirchoff model is assumed for the beam deforma-
tion. Based on the experiments described in [3] and the results of theoretical analysis
reported in [2] it is possible to show that the cable profile, shear connection stiffness
and its changeability along the beam affect the shear forces in the connection during
prestressing stage. In this paper, the results of theoretical analysis of composite beam
are presented. Different cable profiles and studs’ distribution have been considered.
Few problems associated with designing of this kind of structures have been brought
up.

The subject of this analysis is a composite beam (Figure 1) post-tensioned with
external cables. Such a situation takes place when bridge is strengthened without
a concrete deck replacement. In this paper, post-tensioning stage is considered before
external load is to be applied. There are two kinds of cable profiles used in practice:
“king-post” arrangement (Figure 1) and straight cables with no deviators on the beam.
The cable is connected with a steel beam only and the forces in a concrete slab are in-
duced due to a suitably stiff shear connection between steel and concrete. There are
significant axial forces being induced in the beam near anchorages during prestressing
stage. In this case, the assumption of the Kirchoff model for beam may be inappropri-
ate because it does not reflect the real behaviour of the structure. As long as the con-
ception of partial shear connection presented in [4] has no application in the bridge
structures (according to [5]), omitting totally the possible slip can lead to a model
which does not represent a real structure properly. The results of theoretical analysis
confirm that such a problem appears [2] and it should not be avoided; however, de-
tailed experiments have not been made yet.

In order to gain information about shear forces in the connection between steel and
concrete during prestressing stage, theoretical simulation was carried out. Here we
analysed the beam described in detail in paper [6]. Total length of the beam ap-
proaches 4.5 m, height of steel beam is 352 mm, width of slab is 915 mm and slab
thickness is 76 mm. Cross-sectional area of cables is 402 mm®. For the purposes of
this analysis there have been considered three different cable profiles: 1) “king-post”



90 W. LORENC, E. KUBICA

arrangement with a cable anchored near to top flange of steel beam and deviators
placed 1.20 m from the beam ends, 2) “king-post” arrangement with a cable anchored
near to centroid of composite beam and deviators placed 1.20 m from the beam ends,
3) straight cable on a level of bottom flange of steel beam and no deviators. In all three
cases, the axis of the cable coincides with the axis of bottom flange of steel beam in
a midspan. Additionally the fourth case has been considered, it is like the first arrange-
ment, but here an axis of the cable lays above bottom flange of steel beam in a midspan
(smaller eccentricity).

There have been considered three cases of studs’ distribution along the beam. The
first one is a uniform distribution along the whole length of the beam; the stiffness of
shear connection per unit length is similar to that reported in [6]. The second case is
like the first one but near to anchorages the stiffness of shear connection is four times
larger along length of L/8 from each end of the beam, according to [5]. In the third
case, we deal with linear distribution, stiffness equal to zero at midspan and two times
larger at the ends than in the first case.

The computer program PRESTCOMP v.1.1.3 written in MATHEMATICA envi-
ronment has been used for analysis. The program is based on the method described in
this paper. Results of calculations and application of the program in the analysis of
composite beams under external load with nonlinear constitutive laws included have
been presented in [11]. Because there is no necessity to consider nonlinear constitutive
laws in the current analysis, the linear dependences have been considered. Displace-
ment functions have been approximated with four terms of sinusoidal series and six
terms of Legendre series for vertical and horizontal displacements, respectively. Post-
tensioning was modelled as an axial strain in the cable with the value of 0.006, then
cable was anchored and released, which came the forces in composite beam into be-
ing. Such a sequence is imposed by the program.

6. The results of analysis

The results are presented in the following graphs. There is shown a changeability
of slip s between steel beam and slab along the beam and the force Q in the shear con-
nection. Because of symmetry (simply supported beam) there is shown a half of span
only, the value x =0 represents the support of the beam. Positive slip corresponds with
a situation, where the end of slab is moving beyond the end of top flange of the beam.
Graphs with the results have been collected according to the type of shear connection
(Figures 2, 3, 4 and 5). Different cable profiles are distinguished in each graph; pro-
files 1, 2 and 3 in Figures 2, 3 and 4 and profiles 1 and 4 in Figure 5. Discontinuities
in Figures 3 and 5 appear, because the stiffness of shear connection has changed in
these points (the second case of studs’ distribution).
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Fig. 3. Results for uniform studs’ distribution with concentration of studs near to anchorages
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Fig. 5. Results for uniform studs’ distribution with concentration of studs near to
anchorages, when cable is anchored near to top flange of steel beam
and different eccentricity of cable in a midspan is considered

7. Interpretation of the results

On the basis of the results of analysis it can be stated that cable profile has signifi-
cant influence on the arrangement of forces in shear connection which is confirmed by
a shape of curves. Depending on the cable profile (straight cable or “king-post” ar-
rangement), the forces in shear connection near to anchorages can be both positive and
negative. The influence of the stiffness of shear connection can be seen as well. The
results can be interesting in the context of the results of experiments carried out on
push-out specimens and composite beams under cyclic loading [9, 10]. A nonlinear
changeability of the stiffness of shear connection in time due to cyclic loading is pre-
sented in the mentioned papers (such a situation takes place in the bridge structures). It
is remarked that the phenomenon intensifies, if the force in shear connection changes
its sign. The comparison of the forces in graphs with the forces induced in shear con-
nection due to external load allows a conclusion that exactly such a situation takes
place. The results of the most extensive research program [3], consisting of the ex-
periments on both composite beams and entire composite bridges, seem to confirm the
conclusions drawn above.

External prestressing becomes the way of strengthening the existing bridges and is
used often and often for composite bridges. Therefore the problem should be verified
by the experiments run on composite beams posttensioned with external cables. Such
a research program has already begun at the Technical University of Wroctaw. It has
been aimed at both theoretical analysis and experiments carried out on six composite
beams, each 5.50 m in length.

8. Summary

An approach to the analysis of the capacity and behaviour of composite beams
prestressed with external tendons has been presented. It enables modelling the struc-
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ture by nonlinear constitutive laws for steel, concrete and shear connection in a man-
ner similar to that of nonlinear studs’ distribution along the beam. The computer pro-
gram based on the approach presented was created. A problem of forces in shear con-
nection due to prestressing was formulated and numerical solutions were performed
taking advantage of the program. The influence of the cable profile and the stiffness of
shear connection on shear forces in connection during prestressing stage was pre-
sented. The problem of decreasing the stiffness of shear connection due to cyclic ex-
ternal loading was identified.
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Nieliniowe modelowanie belek zespolonych
sprezanych kablami zewnetrznymi

Przedstawiono metod¢ umozliwiajaca analiz¢ zarowno nosnosci zespolonych belek sta-
lowo-betonowych spre¢zanych kablami zewngtrznymi, jak i ich zachowania si¢ pod wplywem
obciazenia. Umozliwia ona uwzglednienie nieliniowych zalezno$ci materiatowych dla stali
konstrukcyjnej i zbrojeniowej oraz betonu, a takze nieliniowej charakterystyki zespolenia oraz
nieliniowego rozktadu tacznikéw wzdtuz belki. Artykut dotyczy konstrukcji mostowych, jako
ze zewngtrzne sprezanie zespolonych belek stalowo-betonowych, bedace jednym ze sposobow
wzmacniania tego typu konstrukcji, znajduje zastosowanie przede wszystkim w budownictwie
mostowym [3, 7, 8]. Na zachowanie si¢ tego typu belek zardwno w fazie sprgzania, jak i po
sprezeniu pod obciazeniem uzytkowym istotny wpltyw ma sztywnos¢ i uktad zespolenia [11].
Na podstawie prezentowanej metody stworzono program komputerowy i wykorzystano go do
rozwiazania konkretnego problemu, dotyczacego uktadu sit w zespoleniu podczas spr¢zania
belek. Przedstawiono wptyw ksztaltu trasy ciggna oraz zmiennej wzdhuz belki sztywnosci ze-
spolenia na uktad sit $cinajacych w zespoleniu w fazie sprgzania. Zwrocono uwage na mozli-
wo$¢ zwigkszenia si¢ podatnosci zespolenia pod wplywem cyklicznego obciazenia zewngtrz-
nego, gdyz powoduje ono w zespoleniu belki spr¢zonej powstawanie sit $cinajacych o réznym
zwrocie.
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Date of PhD thesis presentation: December 10", 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The paper contains: 177 pages, 74 figs, bibliography, 134 items
Keywords: free-edge effect, delamination, acoustic emission, MES, fracture mechanics

Abstract: Free-edge effect in composite laminates resulting in spatial stress state at the
laminate free edge creates a serious barrier to a wide application of composite laminates to
mass products. There are a number of literature data related to the free-edge effect, but
majority of them treat the effect itself and do not take into account the impact of that effect on
the engineering practices. As far as author knows there is no methods that deal with failure
mechanism explanation and failure load prediction related to the free-edge delamination
problems. The main assumption of the thesis is that the free edge-effect in curved composite
laminate beams increases their susceptibility to delamination, and therefore has an impact on
the strength of the elements made of composite materials.

The results of the experimental and numerical analyses of a number of specimen types,
varying in shape and dimensions and made of glass/fibre composite laminates with (0p/+45p,)
stacking sequence, confirm that the free-edge effect in curved composite laminate beams
makes the structural elements more susceptible to delamination at the laminate free edge. This
has the impact on the strength of the elements made of composite materials. It was shown that
the free-edge effect could be successfully described in the quantitative manner. The size effect
as well as the effects of the laminate curvature on the delamination were successfully described
in an quantitative way. The method and procedure for evaluating a delamination onset using
acoustic emission analysis was proposed. The conditions of the onset of the delamination
failure process were determined. In addition, the hypothesis explaining the failure mechanism
and proposing the failure criteria was derived and confirmed by the results of experimental and
numerical investigations. Finally, the failure load prediction methods were derived based on
the linear elastic fracture mechanics giving very good agreement with experiments.
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Title: Trade-off studies of mechanical and radiological properties
of bone tissues (in Polish)
Badania poréownawcze wlasciwosci mechanicznych
i radiologicznych struktur kostnych

Author: Elzbieta Gawin
Supervisor: Professor Romuald Bedzinski
Promoting Council: Council of Mechanical Engineering Faculty
Reviewers:
Professor Lech Dietrich, Polish Academy of Science, Warsaw
Professor Jerzy Kaleta, Wroctaw University of Technology
Professor Jan Kuryszko, Wroctaw Agriculture Academy
Date of PhD thesis presentation: April 23™, 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The thesis contains: 119 pages, 98 figs, bibliography, 111 items
Keywords: hip joint, remodelling, implantation

Abstract: Body skeleton is made up of bones which are the most amazing material in science.
Diversity and number of existing remodelling theories as well as substantial discrepancy be-
tween mechanical and physical properties prove that there is no common view on this topic
and that investigation of mechanical properties of bone structures is justified. Many different
techniques were applied in the dissertation in order to examine a bone structure. They can be
itimized as follows: computer topography, scanning microscopy, histology and physical
density measurement. Bone mechanical parameters were determined using electronic speckle
pattern interferometry (ESPI) as well as speckle photography. Different kinds of loads were
measured using MTS machine (compression, three- and four-point bending) and microbreak
machine (stretching). Investigation of structure carried out using scanning microscopy allows
us to explain some relationships observed during investigation. Mechanical properties
measured on opposite sides were the same, whereas for adjacent sides differences amounted to
15%. This could be explained by the decomposition of the Haversian canal, which was
heterogeneous.
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Title: Evaluation of anisotropic properties of the bone tissues
measured by quantitative computerized tomography (in Polish)
Ocena anizotropowych wlasciwosci mechanicznych struktur kostnych
badanych metodq tomografii komputerowej

Author: Piotr Mielecki
Supervisor: Professor Romuald Bedzinski
Promoting Council: Council of Mechanical Engineering Faculty
Reviewers:
Professor Tadeusz Burczynski, Silesian University of Technology
Professor Marek Sasiadek, Wroctaw Medical Academy
Professor Zbigniew Huzar, Wroctaw University of Technology
Date of PhD thesis presentation: June 27", 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The paper contains: 124 pages, 46 figs, bibliography, 102 items
Keywords: biomechanics, mechanical strength of bone tissues, models

Abstract: The aim of the work was to introduce computer imaging technique (QCT) and medi-
cal image-data management standards (DICOM) into computer-aided design of human bone
prostheses and routine research on mechanical properties of the bone tissues. The standard X-
ray QCT technique has been employed in experimental study to determine the distribution of
the bovine cancellous bone and cortical bone optical density for X-rays (CT density) in 108
specimens of cortical bone and 36 specimens of cancellous bone extracted from trochanter
minor region. The values being measured were correlated with mechanical parameters
(physical density for cortical bone, apparent density for cancellous bone and Young’s
modulus) determined by mechanical testing. The attempts were made to observe and measure
mechanical anisotropy of the bone tissue in the QCT examinations relative to the direction of
X-ray energy propagation (projection). Significant anisotropy of the CT density (p<0.001)
was observed for both cancellous and cortical bone specimens examined using two orthogonal
projections. Young’s modulus of the cortical bone correlated directly with CT density with
power-law regression model gave the good correlation (r* up to 0.68). Structural Young’s
modulus of the cancellous bone correlated with the mean CT density specimen gave worse
correlation (r* = 0.51). The sensitivity of the QCT to anisotropy was compared for next 48
specimens of cortical bone with the sensitivity of mechanical measurements with ESPI camera,
giving comparable results of difference between planes measured ( p<0.001).
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Title: The effect of cyclic loads on the torsional vibration
damping model for selected structural elements using
nonlinear identification methods (in Polish)
Wplyw obciqzen cyklicznych na model ttumienia drgan skretnych
wybranych elementow konstrukcyjnych 7 wykorzystaniem
nieliniowych metod identyfikacji

Author: Mariusz Wajda
Supervisor: Professor Maciej Kulisiewicz, Wroctaw University of Technology
Promoting Council: Council of Mechanical Engineering Faculty
Reviewers:

Professor Ewald Macha, Technical University of Opole

Professor Mieczystaw Szata, Wroctaw University of Technology
Date of PhD thesis presentation: December 1™, 2003
PhD thesis is available in Main Library and Scientific Information Centre of WUT
The paper contains: 146 pages, 144 figs, bibliography, 102 items
Keywords: material damping, nonlinear identifications, material fatigue, cyclic loading, tor-
sional vibration

Abstract: The monograph is an attempt at practical applying nonlinear identification methods
to analysis of spring—dissipative properties of pipes made of different kinds of materials under
cyclic loads. The basic aim was to specify the forms of models which can be used for describ-
ing the spring—dissipative properties of the pipes tested; however, the main aim was to evaluate
the influence of long-term cyclic loads on parameters of accepted models. Therefore, the dis-
sertation was divided into two parts. The first, devoted to evaluation of spring—dissipative
models, deals with a detailed discussion of research aims, description of searching methods for
adequate forms of models and analysis of rheological models and procedures of nonlinear
identification methods. This part includes also description of research system and presens the
software package using the FFT algorithm. The most important in this part are the results of
experiments carried out by author. They inclined him to search for optimal forms of models of
spring—dissipative properties of tested pipes. Some methods for identification and verification
of selected models using computer simulations were presented. In the second part, dealing with
the influence of long-term cyclic loads on parameters of spring—dissipative models, basic in-
formation about fatigue material cracks is given and the range of cyclic testing is defined. The
results of experiments on the changes of model parameters under cyclic loads are discussed.
Author has revealed and proved that the changes of damping in the elements tested were con-
nected with the number of cyclic loads applied. Therefore he was able to determine wearing of
tested elements based on the changes of the damping value before their destruction.
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Title: Methods for vibration and noise reduction in fluid power
pumps and systems. Procedures, measures and potential
for noise reduction (in Polish)

Metodyka zmniejszania drgan i emisji hatasu pomp
wyporowych i uktadow hydraulicznych. Sposoby, zmiany
konstrukcyjne i moZliwosci zmniejszenia halasu

Author: Wieslaw Fiebig
Promoting Council: Concil of Mechanical Engineering Faculty
Reviewers:
Professor Andrzej Balawender, Gdansk University of Technology
Professor Edward Lisowski, Krakow University of Technology
Professor Edward Palczak, Wroctaw University of Technology
Date of habilitation colloquium: March 19", 2003
Habilitation monograph is available in Main Library and Scientific Information Centre of
WUT
The monograph contains: 208 pages, 136 figs, bibliography, 157 items
Keywords: machine dynamics, fluid power drive and control, vibrations, noise

Title: Some problems of mechanics in pipeline bending processes
(in Polish)
Wybrane zagadnienia mechaniki gigcia tukow gladkich rurociagow

Author: Zdzistaw Sloderbach
Promoting Council: Concil of Mechanical Engineering Faculty
Reviewers:
Professor Michat Zyczkowski, Krakow University of Technology
Professor Piotr Perzyna, Polish Academy of Science, Warsaw
Professor Jerzy Okrajni, Silesian University of Technology
Date of habilitation colloquium: September 29", 2003
Habilitation monograph is available in Main Library and Scientific Information Centre of
WUT
The monograph contains: 218 pages, 41 figs, bibliography, 192 items
Keywords: pipe bending, deformations, bending angle, plastic localisation of deformation,
free energy, enthalpy, dissipation
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