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Parametric identification procedure based
on the Walsh wavelet packet approach for
estimation of signal function derivatives

M. NAPIORKOWSKA-ALYKOW, W. GLABISZ
Wroctaw University of Technlogy, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

The identification of mathematical models which can represent discrete dynamic systems is a problem
of considerable importance in applied mechanics. The algorithm is tested on single degree of freedom
system, which is described by linear and nonlinear differential equations with constant and variable coef-
ficients.

Keywords: wavelet analysis, parametric identification, Walsh packet basis
1. Introduction

The identification of real system parameters is a major problem in mechanics. In
parametric identification, the derivatives of the system signal measured (e.g. dis-
placement, acceleration) are particularly difficult to determine accurately, all the more
because the signal is randomly disturbed. The problem also arises in the case of inac-
curate measurements and mathematical models with higher-order derivatives [1]. The
determination of signal function derivatives is much more difficult in a numerical
analysis than in a situation where, for instance, accelerations have been measured and
velocities and deflections are to be determined by integration, using the identification
procedure [2]. In integration, the determination of integration constants poses a prob-
lem.

The aim of the paper was to generalize the results presented in Glabisz’s paper [3],
with regard to the use of the Walsh wavelet packet analysis for determining signal
function derivatives. Glabisz’s results represent a special case of the general algorithm
which is presented here. The algorithm is based on wavelet packet analysis and allows
one to generate derivatives of an indicated order, which are used to identify the pa-
rameters of the mathematical models adopted that describe the system investigated.

Below, wavelet packet analysis (with the Haar filter employed) is briefly intro-
duced. In section 3, derivative order determination procedures and the required multi-
pliers are given. Section 4 discusses parametric identification procedures. In section 5,
numerical examples based on the proposed identification method are provided. The
paper ends with a recapitulation and conclusions.
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2. Short introduction to the Walsh wavelet packet analysis

In the literature, one can find numerous applications of the wavelet transforma-
tion, mainly to mathematical problems [4—7]. The foundations of wavelet analysis can
be found, among others, in [8, 9, 10]. A detailed review of the papers on the wavelet
transformation is presented in [11].

In the discrete wavelet transform (DWT), the signal finvestigated is presented as

its decomposition into a smooth signal part (using the scaling function ¢/0:k) ex-

pressed by the coefficients f;/° = <¢j0,kaf > = _[ f;, @)@, x(t)dt and a part comprising
R

signal function details (using the wavelet function ¥, ), expressed by the coeffi-

cients d/™' = <l//j_1’k,f> = J.fj_l(t) w1, (t) dt, where j represents the successive reso-
R

lution levels [8, 12]:
FO= 0+ diwy(0). (1)
k I=j k

Equation (1) shows that the function f(#) can be decomposed into a smooth part
f;(#) and the part d,(7)representing local fluctuations. In wavelet analysis, the
smooth part of the signal function is decomposed into a smooth part and a details part,
while the details part from the higher level is left unchanged [8, 9, 10, 12]. As opposed
to the wavelet transformation, in wavelet packet analysis the details part is also sub-
jected to decomposition into a smooth part and a details part. In classic wavelet analy-

sis, the space V can be decomposed into orthogonal subspaces in which base functions
are defined by the following equations [8, 9]:

H(0)= 2 I () =N2 Y (2~ k), @
k k
where 4, are the low-pass filter coefficients,
y()=N2Y g, p(2 k), 3)
k

where g, are the wavelet expansion coefficients referred to as high-pass filter coeffi-

cients [8, 9, 10, 12]. In wavelet packet analysis, a similar division can be applied to the
details space .
In a general case, for n=0,1,..., one can define the following functions [13, 14]:
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Wy, (=2 hw, (2t~ k), (4)
k

Wy (=2 gow, (2t~ k) (5)
k

which form the sequences of base functions in the space V;. The different combina-

tions of functions (4) and (5) and the functions created through scaling and translating
them form a set of orthonormal bases {wn (t)} which may be used to describe the space

elements V. Such a collection of base functions is called a library of packet bases and

functions w, ; , = 272y (2t —k) are referred to as a wavelet packet. An exemplary

scheme of the space V; decomposition by wavelet packet analysis for a space with

base {w ik (t)} denoted as w, ; is shown in Figure 1.

n

Wo,1 Wi Wa 1 w31

Wo,0 wio W20 Wi W40 Wso W0 w70

Fig. 1. Scheme of the space V3 decomposition by wavelet analysis

In this paper, wavelet packets generated from the Haar filters for which iy = h; = g

=—gy=1/ V2 are used. For example, the Haar wavelet base H (one of the potential
packet bases) has the following discrete representation (atj = 3) [1]:

Hy, s = (6)
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The function w,, shown in the packet analysis algorithm chart (Figure 1) forms

the first row of the Haar packet base H. The second row of the matrix H corresponds
to the base function w,, in the chart. Two base functions of the packet base w;; form

the third row and the fourth row. Rows 5, 6, 7 and 8 of the matrix H represent four
base functions of the packet base w,,. The Haar filter-based wavelet bases {wn (t)}

are called the Walsh bases. Figure 2 shows the Walsh base functions in the space V;
whose decomposition is illustrated in Figure 1 [1, 13, 14].

wo w1
1 1
0.8
0.5
0.6
t
0.4 02 04| 06 08
0.2 -0.5
t
02 04 06 08 1 -1
w2 w3
1 1
0.5 0.5
t t
02 04| 06 |08 02 04 06 |08 1
- 0.5 -0.5
1 1
w4 ws
I/ /) /@ l— —
0.5 0.5
t =t
0.2 4| o 0.8 0.2 4 0. 0.8 1
-0.5 -0.5
1 —1 —J 1 L 1 — —
We w7
1— — 1+ —
0.5 0.5
t t
0.2 4 0. 0.8 1 0.2 4 | o. 0.8
-0.5 -0.5
1 1 L

Fig. 2. The Walsh wavelet base functions
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Alternatively, the space V; can be reproduced on the basis of different combina-
tions of the Walsh base functions. Examples of decomposition of the space V; for
n =4 are shown in Figure 3 [1].

a) b)
8 v n=0

Fig. 3. Examples of decompositions of the space V3 in base of the Walsh functions for n = 4

3. Procedures for estimating signal derivatives

Signal function derivatives can be determined using different algorithms, e.g.
polynomial data interpolation. Wavelet packet analysis based on the Haar filter turns
out to be an effective tool for determining signal function derivatives [15]. Using the

low- and high-pass Haar filters one can calculate weighted sum ((a+b)/ \/5) and

weighted difference ((a—b)/ \/5) of the consecutive pairs of numbers a and b ob-

tained while measuring the signal function investigated. The Walsh wavelet packet
analysis consists in repeated filtering of the input signal function. The Walsh wavelet
packet analysis algorithm may provide the smoothed form of the input signal and its
derivatives, provided that one knows the multipliers C”(n) which make it possible to
scale the sequences of numbers (obtained at the successive stages of packet analysis)
used for identification.

Glabisz in [3] proposed an algorithm for reproducing signal function derivatives on
the basis of the first (from the left) blocks of signal expansion coefficients (Figure 4),
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which is a special case of the algorithm presented here. The multiplier C°(n) on the
basis of which the filtered form of the signal function is determined is written as [3]:

C’(n) =[%] . (7)

If p < n, the multipliers C”(n) for the p-th derivative are obtained from an analysis
of the sequences of the successive stages of signal function filtration. The multipliers
C"(n) depend on, among other things, the filtration stage n, the Haar filter coefficients,
the size N of the set representing the input signal function, the signal function
sampling rate 4 = ¢/N and the order p of the signal function derivative sought [1, 3].

Generalizing the results reported in Glabisz’s paper [3], one can reproduce the
signal function derivatives from the other blocks of signal expansion coefficients at
the n-th level of signal filtration. Figure 4 shows the Walsh wavelet packet analysis
flow chart with digitally marked blocks which may be the basis for determining the
derivatives of the signal analysed. The digit assigned to each block represents the
order of the derivative reproducible from the data contained in the block. The filtered
input signal form is assigned the digit 0.

signal n=0

0 1 n=1

0 1 1 2 n=2

0 1 1 2 1 2 2 3 n=3
o1 fjtr|2(1{2(2(3|1]2]|2(3[|2|3|3|4|n=4

Fig. 4. Flow chart of packet analysis algorithm

The elements of the sequences of numbers (blocks) from which derivatives can be
reproduced are generated by applying various (for each block) differential schemes to
the input signal. It is immediately noticeable in Figure 4 that, for example, the first
signal function derivative can be reproduced from the 2nd, 3rd and 5th block of coef-
ficients at the n = 3 level of filtration.

The first signal function derivative (p = 1) can be obtained by multiplying the

blocks of the n-th stage of packet analysis, which occur in positions 2”7 +1
(m=1,2,...,n), by the multiplier identified by tracking the filtration sequences and
given by the following relation [1]:

Cl(n)z(—l)(%j 4.2"12"MH7, m=12,...,n. (8)
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The differential schemes for calculating a derivative of a specified order (p) at the
chosen n-th stage of wavelet packet analysis differ significantly from each other as
a result of the order in which the input signal is filtered by the low- and high-pass
filters. Relation (8) formulates the multiplier for the first derivative whose place of

occurrence at the n-th stage of packet analysis is defined by the number 2" +1.

Similar formulas can be worked out for high-order derivatives, but they are signifi-
cantly much more complex than the ones applicable exclusively to the first (counting
from the left block of coefficients at the n-th stage of the analysis) derivatives of the
successive orders at the n-th stage of analysis. Therefore the formulas are not pre-
sented here, but a simple algorithm for determining them was derived from their
analysis.

In the flow chart shown in Figure 4, one can notice a recurrence formula which al-
lows one to determine the order of the derivative reproducible from any block coeffi-
cients occurring at the chosen stage of wavelet packet analysis. The flow chart of a re-
currence procedure which generates the information sought at the n-th stage of analy-
sis, on the basis of the information available at the preceding stage (n—1), is shown in
Figure 5. At the n-th stage of analysis the orders of reproducible derivatives are de-
termined on the basis of the information block from the (n—1)-th stage due to a simple
transformation consisting in increasing the order of the derivatives by 1 [1].

signal ‘n:o

v : v
0 1 n=1

7777777777777777777777777777 +1

i ) (]
0 | N I | 2
+1
v v v v

e L JE e JE e P JE e J 2 JE s | e

i

Fig. 5. Flow chart of recurrence procedure for determining reproducible derivative
order on the basis of blocks from any stage of packet analysis

If one examines the formulas (not quoted here because of their complex form) for
the multipliers needed for reproducing the second- and the higher-order derivatives,
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one can devise a simple practical recurrence scheme for generating them. Figure
6 shows a recurrence scheme for generating multipliers at any stage of packet analysis
with the Haar filter. The scheme together with the chart shown in Figure 5 allows one
to reproduce a derivative of a chosen order on the basis of the block that defines its
order (Figure 5) and using an appropriate multiplier (Figure 6). The recurrence
schemes are applicable to a whole class of signal derivatives. One special case from
this class was considered in [3].

The multipliers sought are obtained by filtering the signal function with the low-
pass filter. They allow one to reproduce the input signal representation — level n =1,
the left block of coefficients in Figure 6. The multiplier values for reproducing the
first signal function derivative (the second, from the left, block of coefficients for level
n = 1) are calculated by multiplying the left block of coefficients at this stage of filtra-
tion by -2/ 4 (Figure 6).

The next level multipliers are obtained by multiplying the first level multipliers by
1/4/2 and by 1/ 242 (the two first, from the left, blocks of coefficients). The next sec-
ond filtration level multipliers are derived by multiplying the multipliers obtained
from the first two coefficient blocks by —2/4 (the third and the fourth blocks of
coefficients beginning from the left).

signal n=0
A4 : v
1 1
nE 1).=2 n=1
V2 2) A
L. .=2_ 14
-1 -1
| = L3 JI =
[
*;2 i
A
*{L I ;}
27232 22 a2
A 4 A 4 A 4 A 4
L -1 -1 1 ;l 1 1 1 3
22 422 224 42 24 2212 2n 2248° n=
| | | B ) S

) 1 1| L || ] L e U B e B n=4
3242 4 || 1647 8A? | [324° 2 8A? 4A% | [164° 247 || 8A° 4A° | [16A%

A
FTEOTEIE E P EF Ff fd

LU | | |
A 2

Fig. 6. Recurrence schemes for determining multipliers needed for reproducing derivatives
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For example, if multipliers for the third signal derivative are to be formulated, it
becomes apparent from Figure 5 that this derivative can be reproduced from the eighth
block of numbers at n = 3 (beginning from the left) and from the 8th, 12th, 14th and
15th blocks (beginning from the left) at » = 4. The recurrence scheme shown in Figure
6 allows one to calculate the appropriate multipliers which in the case considered
assume the values:

1 1 1 1

1
224 247 1647 8487 44
respectively the 8th, 12th, 14th and 15th blocks at n = 4).
The recurrence schemes for determining derivative orders and multiplier values can
be easily verified by carrying out a Walsh-base packet analysis of the discrete repre-
sentations of smooth functions whose derivatives are known.

(for the block at »=3) and

(for

4. Parametric identification procedure

The parametric identification procedure consists in determining the parameters of
the adopted mathematical models having the form of equations or systems of linear or
nonlinear differential equations. If such assumptions are accepted, the determination
of the measured signal function derivatives poses a problem. The order of the deriva-
tives depends on the order of the differential equation adopted to describe the problem.

The feasibility of the use of the Walsh-base wavelet analysis for identifying simple
models of dynamical systems was tested for several cases. The analysis was carried
out for linear and nonlinear systems described by the second-order equations with
constant and variable coefficients and also for differential equations of the order 4.
The identification was based on known sequences of numbers obtained by constant-
frequency sampling of known system response ¢(¢#) and known excitation f(¢),

which are represented by the set of discrete values g,;(¢#) and f;(¢), respectively. The

algorithm proposed is capable of determining higher-order derivatives. The latter were
used in the identification of the parameters sought. The least squares method was em-
ployed for the identification while the minimum of the functional H was sought in the
form:

H(a,b,¢)= Y Jaii (0)+ b, (0 +"q,(0~ £, |

: ©)
H(a,b,e,d,e)= |aq,(t) +bq,(t) +cq(t)+d q,(0) +€"q,(0) = f,(0)] -

The quantities a, b, ¢, d, e are the parameters sought.
In the cases tested, the effect of the different blocks of coefficients proportional to
a chosen derivative (at a given packet analysis stage n) on the accuracy of the results
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was investigated. The recurrence algorithms presented here were tested on, among
others, the cases identical to those reported in [3] whereby the generalization pre-
sented could be evaluated.

5. Numerical examples

The algorithm proposed was tested for a case of 1-DOF system vibrations. Let us
assume that a mathematical description of a linear system is sought in the form:

ag(t) +bq(t) +cq(t) = 1 (1) (10)

and for a nonlinear system as

ag(t) +bg(0) +cq’ ()= 1 (1), (11)

where a, b and ¢ are the parameters sought. The results of the identification of Equa-
tion (10) for a=2, b=0.1, ¢ =5 and Equation (11) for a=1, b=0.1, c=1 and
f =11cos(t), depending on signal packet analysis stage #» which is a source of equinu-
merous sets (with the size /) describing ¢(¢), ¢(¢) and ¢(¢) in a discrete way, are

shown in Tables 1 and 2, where the parameter values estimated and their relative er-
rors are compared with the accurate values. The results presented in the tables were
obtained for sets with the size N =16384 at different system response and excitation

sampling rates over the time ¢ € <0,10> .

Each table includes:

erelative errors A; (in per cent) for each of the parameters calculated from
_ 0

A = % -100% (where p; is the identified value of the i-th parameter and p?
pi

is its accurate value),

e global errors J (in per cent) determined on the basis of the input signals g¢;

calculated from

S 2
Z (9, —94;)
i=1

N
Z(%)z

-100%, (12)

where g; stands for the response of a system with the parameters identified. One

should note that relative errors A, can be determined only in test problems with
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known accurate values of the parameters sought. The errors & given by relation (12)
can be the basis for evaluating the results of the identification procedure for systems
whose parameters are not known beforehand. The analysis was carried out for differ-
ent successive (beginning from the left) packet transformation blocks being the source
for the reproduction of the first derivative. The analysis whose results are given in
Tables 1 and 2 was performed assuming that the second derivative is reproduced from
the first (from the left) block of the n-th stage of analysis, whose elements are
proportional to the second derivative.

According to the tables, when the different data blocks (beginning from the left)
are used to reproduce the first derivative at the specified n-th level of packet analysis,
the error & has a comparable value [1]. If the errors for the next levels n of wavelet
packet analysis are compared, one can notice that the error gradually increases as a re-
sult of the segmentally constant approximation of the system response and its deriva-
tives over ever longer time intervals. At higher packet analysis levels the signal func-
tion and its derivatives are reproduced from sequences of fewer numbers whereby the
identification procedure runs faster, but the solution error increases. If one examines
the results obtained (Tables 1 and 2), it will become apparent that the model parame-
ters can be determined with a relative error below 1% based on such a small number
as 4x8 =32, 24 of which are signal packet expansion coefficients and the other § are
excitation measurement results. The percentage error of the coefficients determined
will be below 0.1% if 128 numbers are used for the identification. The size of the error
is not affected by the choice of the block from which the first signal derivative is de-
termined.

The 1-DOF system described by Equations (10) and (11) was also tested for ran-
domly disturbed system response signal functions. The possible random disturbances
in the signal function measured ¢(#) were generated using the uniform distribution

and drawing numbers from a range of £3%, £5% and £10% of amplitude values
q; , which were then added to g, . The results of identifying the parameters of models

(10) and (11) at random disturbances of signal g, of £5% and at undisturbed excita-
tion f(¢) for different second derivative reproduction sets are shown in Tables 3 and

4, respectively. The results of the tests are extensively reported in [1].

A comparison of the examples of results shows that the Walsh packet analysis
filtration is sufficient for identifying model parameters. In this case /=16 and /=32
respectively for the linear and nonlinear models. In contrast to the results of the
analyses of the systems without random disturbances, the global solution error &
depends on the data block which is the basis for the reproduction of derivatives. It
appears that at lower levels of wavelet packet analysis this error is smaller if the first
blocks on the basis of which the highest derivative in the equation can be determined
are used in the analysis [1].



Table 1. Results of identification of linear 1-DOF system (10) at N = 16384 for different first derivative reproduction sets

Leveln

Sets of

Identified parameters (exact values:a =2, b= 0.1, ¢ = 5)

wavelet | Elements reproduction s . b _ g _ Error &
packet ] l-st Error A, Error A Error A, %
analysis derivative | Estimation i Estimation o Estimation %
1 1.9999 —0.005 0.1001 0.1 5.0000 0.0 0.0164831
: % 2 1.9999 —0.005 0.1001 0.1 5.0000 0.0 0.0164831
3 1.9999 —0.005 0.1001 0.1 5.0000 0.0 0.0164831
4 1.9999 —0.005 0.1001 0.1 5.0000 0.0 0.0164831
1 1.9993 —0.035 0.1001 0.1 5.0005 0.01 0.136325
. 1o 2 1.9993 —0.035 0.1001 0.1 5.0005 0.01 0.136325
3 1.9993 —0.035 0.1001 0.1 5.0005 0.01 0.136325
4 1.9993 —0.035 0.1001 0.1 5.0005 0.01 0.136325
1 1.9902 —0.49 0.1003 0.3 5.0076 0.152 1.95268
. - 2 1.9902 -0.49 0.1006 0.6 5.0076 0.152 1.94954
3 1.9902 -0.49 0.1007 0.7 5.0076 0.152 1.9486
4 1.9902 -0.49 0.1007 0.7 5.0076 0.152 1.9486
1 1.8417 -7.915 0.1042 42 5.1245 2.49 30.0391
1 8 2 1.8420 -7.9 0.1096 9.6 5.125 ] 20.8719
3 1.8421 —7.895 0.111 11.0 5.1251 2.502 29.8258
4 1.8421 —7.895 0.111 11.0 5.1251 2.502 29.8258
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Table 2. Results of identification of nonlinear 1-DOF system (11) at N = 16384 for different first derivative reproduction sets

Identified parameters (exact values:a = 1,5 =0.1,¢=1)

Level n Sets of
wavelet | Elements reproduction e b C Error &
packet ] l-st Error A, Error /A Error A, o
analysis derivative | Estimation > Estimation 5 Estimation w
1 0.9999 —0.01 0.1001 0.1 1.0002 0.02 0.0766528
5 512 2 0.9999 -0.01 0.1001 0.1 1.0002 0.02 0.0766528
3 0.9999 —0.01 0.1001 0.1 1.0002 0.02 0.0766528
4 0.9999 —-0.01 0.1001 0.1 1.0002 0.02 0.0766528
1 0.9997 —0.03 0.1004 0.4 1.0037 0.37 0.699945
. - 2 0.9997 -0.03 0.1005 0.5 1.0037 0.37 0.698557
3 0.9997 —0.03 0.1005 0.5 1.0037 0.37 0.698557
4 0.9997 —0.03 0.1005 0.5 1.0037 0.37 0.698557
1 0.9956 -0.44 0.1046 4.6 1.0598 5.98 0.80947
5 % 2 0.9956 —0.44 0.1061 6.1 1.0598 5.98 9.73271
3 0.9956 —0.44 0.1064 6.4 1.0597 5.97 9.70763
4 0.9956 -0.44 0.1065 6.5 1.0597 5.97 9.70177
1 0.6388 -36.12 0.4083 308.3 1.8112 81.12 53.7946
" 5 2 0.6583 —34.17 0.5478 447.8 1.8197 8§1.97 53.9383
3 0.6543 —34.57 0.5676 467.6 1.8229 82.29 54.2641
4 0.6537 —34.63 0.5726 472.6 1.8225 82.25 54.3316
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Table 3. Results of identification of 1-DOF linear system (10) at N = 16384 and 3% disturbance amplitude for

different second derivative reproduction sets

Identified parameters (exact values: a =2, 6=0.1,c =5)

Leveln Sets of b ) o
wavelet | Elements | ronroduction g 5 Frro:e
packet ; 2 5d Error /4, Error 4 Error A,
analysis derivative | Estimation o Estimation 0 Estimation o %
1 1.4806 -25.97 0.0576 —-42.4 4.3746 —12.508 | 45.9513
2 0.9567 —-52.165 0.1199 19.9 3.5665 —28.67 86.2384
9 32
' o 3 0.4059 —~79.705 0.1066 6.6 2.288 -54.24 | 95.5541
4 0.2552 —87.24 0.0849 —15.1 2.1610 -56.78 94.6817
1 1.9423 —2.885 0.1041 4.1 5.0990 1.98 14.7009
6 i 2 1.8699 —6.505 0.0853 -14.7 4.7904 -4.192 7.3686
4 1.7282 —-13.59 0.0895 -10.5 4.8208 —3.584 29.6565
4 1.4658 -26.71 0.1545 54.5 4.0696 —18.608 | 24.9122
1 1.8389 —-8.055 0.1045 4.5 5.1225 245 30.2992
1 8 2 1.9059 —4.705 0.0806 —-19.4 5.2056 4.112 26.5837
3 2.0577 2.885 0.1211 21.1 5.3741 7.482 16.2594
4 1.8898 —-5.51 0.0820 -18.0 5.1644 3.288 26.4069
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Table 4. Results of identification of 1-DOF linear system (11) at N= 16384 and 5% disturbance amplitude for different
second derivative reproduction sets

Identified parameters (exact values: a = 2, b= 0.1, ¢ = 5)

Leveln Sets of
wavelet | Elements | reproduction a b < . Error &
packet ] 2.nd o Error A, o Error A o Error A, %
analysis derivative Estimation % Estimation i Estimation B,
1 0.9956 —0.4347 0.1046 4.6938 1.0598 5.9847 9.80047
5 5 2 1.0024 0.2402 0.1052 5.2812 1.0605 6.0509 7.3683
3 1.0271 2.7169 0.1081 8.1781 1.0607 6.0791 4.0758
4 1.0040 0.4027 0.1054 5.4097 1.0606 6.0640 6.77747
1 0.9647 —3.5216 0.0864 —13.5223 1.2393 23.9322 33.4533
- " 2 0.9886 -1.1324 0.0586 —41.3125 1.2382 23.8261 32.8488
3 1.0698 6.9857 —0.0678 — 167881 1.2033 20.3305 54.1916
4 0.9942 —0.5727 0.0517 —48.2203 1.2381 23.8117 32.7546
1 0.6388 -36.1168 0.4083 308.394 1.8112 81.12 53.7946
2 0.6639 —33.6041 0.4781 378.176 1.8100 81.00 53.3256
H ; 3 0.6184 —38.1542 0.8451 745.129 1.7301 73.01 59.6729
4 0.6709 —32.9049 0.4854 385.472 1.8105 81.05 53.1913
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20 M. NAPIORKOWSKA-ALYKOW, W. GLABISZ

The causes of the dependence of the solution error 6 on the data blocks at the
lower stages of packet analysis are the different sequences of low- and high-pass
filters used. If a low-pass filter is used early in the systems with disturbance, this will
result in the smoothing of the signal (partial filtering out of the introduced distur-
bance) and consequently, the effect of the ensuing high-pass filtering will have
a smaller error. The computation of smooth signal derivatives yields better numerical
results than those yielded by the low-pass filtering of the derivatives calculated from
disturbed signals [1].

The algorithm proposed can also be applied to systems described by numerical
models with slow variable parameters if segmentally constant approximation is suffi-
cient to identify them. If the division of the signal into equinumerous sets is adopted,
the approach proposed can be used to identify the parameters on the basis of each of
the sets. The identification in zero initial conditions and at the observation time # = 40
sec was based on a sequence of N = 32768 excitation force and system response meas-
urements. The results of the identification of Equation (11) for a =1.0+¢/10, a =1,
b=0.1, c=5.0-¢/10 and f =11cos(¢) are shown in Figures 7-9, where the solid

line and dots represent respectively the identification result and the accurate solution.

a
5

4

Fig. 7. Identification result for the parameter a of Equation (11) at
a=1.0+1¢/10,b=0.1and c=5.0—1¢/10

b
0.25
0.2
0.15 /¥
0.1 . . .
0.05

t
5 10 15 20 25 30 35 40

Fig. 8. Identification result for the parameter b of Equation (11) at
a=10+1¢/10,b=0.1and c=5.0-1¢/10
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Fig. 9. Identification result for the parameter c of Equation (11) at
a=1.0+1¢/10,b=0.1and c=5.0—1¢/10

The wavelet packet analysis-based algorithm capable of generating signal function
derivatives was also applied to systems described by the differential equations of order
4 used as examples:

aq()+bq()+cq(t)+d q(1) +eq(t) = f (1), (13)

aq(t)+bq(t)+cq(t)+d q(t)+eq(t) = £ (1) (14)

for the respective linear and nonlinear problems used as examples. The identification
results for the system described by Equations (13) and (14) are shown in Tables 5 and
6, respectively. The analyses were performed for a set of the size N=16384. The
same principle as that used for the analysis of the equations of order 2 was adopted to
reproduce the other (not mentioned in the third columns of the tables) derivatives in
the model. The results of the analysis used as an example for the randomly disturbed
response signal function of system (13) and (14) are presented in [1]. The results for
the cases with and without random disturbances fully confirm the conclusions
formulated for similar problems for models with lower-level derivatives.

It is often very difficult to determine the high derivatives of the signal measured.
The reproduction of higher-order derivatives is usually avoided because of the poor
results of parameter identification. The Walsh base packet analysis of the signal al-
lows one to effectively determine its high derivatives which, as shown in Tables 5 and
6, make the identification of model parameters possible. In the case of models with
high-order signal derivatives, special care must be taken when selecting packet analy-
sis stage n whose coefficients are the basis for the reproduction of the signal and its
derivatives. In order to select this stage one must carry out an analysis of global solu-
tion error O.



Table 5. Identification results for linear system (13) at N= 16384 for different fourth derivative reproduction sets

Identified parameters (exact values: @ = 30, b=8,¢=15,d =6,e=2)

Leveln Sets of
wavelet | Elements reproduction Ertor &
al::i‘;\;ts I delj;;}tlivc Est.ima- Esr.ima- Error /,, Est.ima- Est.ima- Est.ima- %
tion fion o tion fion fion
1 28.7604 8.5151 6.4387 | 13.1979 6.4462 1.4703 2.9918
2 28.9385 8.4413 5.5162 13.442 6.3903 1.5375 2.5812
’ - 3 29.6841 8.1437 1.7962 14.4442 6.1722 1.8099 0.9479
4 30.4346 8.0426 0.5325 15.6234 5.9201 2.2398 1.5733
1 30.2587 7.8769 | —1.5387 | 15.2979 5.8915 2.0784 0.2583
2 30.286 7.8741 | —-1.5737 | 15.3242 5.8926 2.0843 0.3017
10 ' 3 30.5091 7.8322 | -2.0975 | 15.5538 5.8849 2.1376 0.8003
4 20.996 8.3862 | —7.6725 | 14.3355 6.4653 1.7408 1.6497
1 30.6317 8.1040 1.3 15.2567 6.1269 2.0468 1.3354
2 30.6612 8.1024 1.28 15.2783 6.1264 2.0514 1.3924
! ’ 3 30.7142 8.1175 1.4687 | 15.2669 6.1409 2.0409 1.5561
4 30.8848 8.2042 2.5525 15.1911 6.2198 1.9956 2.2430
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Table 6. Identification results for nonlinear system (14) at N = 16384 for different fourth derivative reproduction sets

Identified parameters (exact values:a = 30.b=8,¢=15,d=6,e=2)

Leveln Sets of
wavelet | Elements reproduction 2 2 4 i 4 _ g __| Emor &
511?1:::& I dex‘?‘;;}:ive Estlima- Error /4, Est.ima- Error A, Est.ima- Error A Est.ima- Error 44 Estlima- Error 4, %
tion o tion o tion % tion % tion 9%
1 27.2284 | —9.23867 | 9.4888 18.61 12.3 —-18.0 6.3675 6.125 1.8813 —5.935 10.934
2 27.4582 | —8.47267 | 9.3955 17.4438 | 12.5076 | —16.616 | 6.3508 5.8466 1.892 -54 9.8301
° o 3 28.412 | —8.62667 | 8.9711 12.1387 13.429 | —10.4733 | 6.2434 4.0566 1.9383 —3.085 5.3816
4 29.2912 | -2.36267 | 7.8263 | —-2.1712 | 142936 | —4.7093 | 5.7455 | —4.2416 | 1.8998 —5.01 6.0861
1 30.0223 | 0.74333 7.2884 —8.895 | 153619 | 24126 5.5805 | —6.9916 | 1.9930 —0.35 21977
2 30.0862 | 0.28733 7.3182 | —8.5225 | 15.3839 | 2.5593 5.6115 -6.475 1.9977 -0.115 1.8646
g & 3 30.2771 | 0.92366 7.4656 —6.68 15.4596 3.064 5.7107 | —4.8216 | 2.0183 0.915 0.7097
4 30.7544 | 2.51467 | 7.7231 | —3.4612 | 153795 2.53 6.1363 2.2716 2.0493 2.465 0.8653
1 30.8831 | 2.94367 | 6.6443 | —16.9462 | 15.9678 6.452 5.3957 | -10.0717 | 2.0611 3.055 10.721
2 30.8882 | 2.96067 | 6.6593 | —16.7588 | 15.9463 | 6.3086 54140 | -9.7666 | 2.0600 3.0 3.1259
0 e 3 30.8906 | 2.96867 | 6.7938 | —15.0775 | 15.8135 | 5.4233 5.5229 | —7.5229 | 2.0567 2.835 3.0935
4 30.7817 | 2.60567 | 6.9660 | —12.925 | 154788 3.192 5.6581 | —5.6983 | 2.0375 1.875 4.1067
1 35.0627 | 16.8757 | —0.6871 | —108.589 | 22.2087 | 48.058 1.5182 | —74.6967 | 2.3337 16.685 15.712
2 35.1115 | 17.0383 | —0.7234 | —109.043 | 22.2409 | 48.2727 1.5122 | —74.7967 | 2.3336 16.68 15.781
= . 3 35.2758 17.586 |-0.8624 | —110.78 | 22.3467 | 48.978 1.4892 -75.12 2.3321 16.605 16.106
4 35.9158 | 19.7193 | —1.4263 | —117.829 | 22.7543 | 51.6953 1.3848 —76.92 2.3227 16.135 17.641
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6. Concluding remarks

Wavelet packet analysis was used for the parametric identification of discrete dy-
namical systems. An algorithm based on wavelet packet analysis, capable of generat-
ing signal derivatives, was developed. The algorithm allows one to reproduce signal
derivatives on the basis of blocks of input signal expansion coefficients, obtained from
a wavelet analysis with the Haar filter. The algorithm, using the least squares method,
was tested on linear and nonlinear systems used as examples and described by the sec-
ond-order equations with constant and variable coefficients and on differential equa-
tions of order 4 used as examples. Undisturbed and randomly disturbed system re-
sponse signal functions were the basis for the analyses.

From the original algorithms presented — based on the Haar filter wavelet packet
analysis — for identifying the parameters of dynamical systems one can conclude that:

o the Walsh wavelet packet analysis of dynamical system responses provides the
basis for the efficient generation of the responses’ derivatives which combined with
the least squares method allow one to build an effective algorithm for identifying the
parameters of linear and nonlinear mathematical models of the systems;

o the blocks of each of the Walsh wavelet packet analysis stages can be the basis
for the effective reproduction of the filtered form of the signal function and its deriva-
tives; the place of their occurrence in the packet analysis diagram and the coefficients
required for reproduction are given by simple recurrence schemes;

e the appropriate — for the order of the differential equation of the mathematical
model adopted — stage of packet analysis can provide the basis for reproducing de-
rivatives from different blocks of wavelet expansion coefficients, which in the case of
undisturbed signal functions are equivalent, while in the case of disturbed signal func-
tions, the best results are obtained when the first blocks are used;

o the wavelet packet analysis level adopted when reproducing the signal function
and its derivatives is a compromise between the size of the sets and the signal filtra-
tion stage, which is particularly important when the analysis is based on the functions
of randomly disturbed signals;

e global solution error values can determine the choice of the stage of packet
analysis whose result is to be used in the identification procedure and they provide
a vital clue about how the suitability of mathematical models in nonlinear problems
should be evaluated.

References

[1] Napiorkowska-Atykow M.: Analiza falkowa w parametrycznej identyfikacji dyskretnych
uktadow dynamicznych, PhD thesis, raport Instytutu Inzynierii Ladowej Politechniki
Wroctawskiej, seria PRE nr 4/2004.



Parametric identification procedure based on the Walsh wavelet packet approach 25

[2] Worden K.: Data processing and experimental design for restoring force surface method.
Part I: Integration and differentiation of measured time data, Mechanical Systems and
Signal Processing, 1990, Vol. 4, No. 4, pp. 295-319.
[3] Glabisz W.: Identification of linear and non-linear systems with Walsh wavelets packets,
Archives of Civil and Mechanical Enineering, 2001, Vol. 1, No. 1, pp. 47-62.
[4] Beylkin G.: On wavelet based algorithms for solving differential equations, [in:] J.J.
Benedetto et al. (Eds.), Wavelets: mathematics and applications, CRC Press, 1993, Boca
Raton, FL, pp. 449—466.
[5] Bleistein N.: Mathematical Methods for Wave Phenomena, Elsevier Science and Technol-
ogy, 1984.
[6] Jensen A., Jensen A., la Cour-Harbo A.: Ripples in mathematics: the discrete wavelet
transform, Springer-Verlag, New York, 2001.
[7] Chen C.F., Hsiao C.H.: Haar wavelet method for solving lumped and distributed-parame-
ter systems, 1EE Proceeding Control Theory Applied, 1997, Vol. 144, No. 1,
pp. 87-94.
[8] Aboufadel E., Shlicker S.: Discovering Wavelets, A Wiley-Interscience Publication, 1999.
[9] Chui Ch. K.: 4n introduction to wavelets, Academic Press, San Diego, California, 1992.
[10] Ueda M., Lodha S.: Wavelets: an elementary introduction and examples, Computer Engi-
neering and Information Sciences, Santa Cruz, USA, 1995.

[11] Pitter S., Schneid J., Ueberhuber Ch.W.: Wavelet Literature Survey, Technical University,
Vienna, 1993.

[12] Daubechies 1., Gilbert A.:, Harmonic analysis, wavelets and application, lecture 1-8,
1997.

[13] Glabisz W.: State analysis of time-varying linear systems via Walsh-wavelet packets, Ar-
chives of Civil and Mechanical Engineering, 2003, Vol. 3, No. 1, pp. 59-75.

[14] Glabisz W.: The use of Wlash-wavelet packets in linear boundary value problems, Com-
puters and Structures, 2004, No. 82, pp. 131-141.

[15] Ljung L.: System identification: theory for the user, Prentice Hall PTR, New Jersey, 1987.

Falkowa analiza pakietowa Walsha w wyznaczaniu pochodnych sygnalu

W zagadnieniach identyfikacji parametrycznej bardzo wazne jest wyznaczanie pochodnych
sygnalu. Wyznaczenie pochodnych jest szczegdlnie trudne wtedy, gdy w wyniku przeprowa-
dzonych pomiaréw dysponujemy czg¢sto losowo zaburzonym i obarczonym bledem pomiarem,
ktérym moze by¢ na przyktad przemieszczenie punktu konstrukeji, a przyjety model matema-
tyczny ma posta¢ rownania réozniczkowego z wysokimi pochodnymi mierzonej wielkosci. Ce-
lem niniejszego artykutu jest wykazanie skutecznosci pakietowej analizy falkowej w poszuki-
waniu dobrych reprezentacji pochodnych analizowanego sygnatu. Podstawa pakietowej analizy
falkowej sa funkcje Walsha oparte na filtrze Haara. Zaproponowany algorytm, ktoéry opiera si¢
na pakietowej analizie falkowej, pozwala wygenerowaé¢ pochodne wyzszych rzedow. Po-
chodne te nastgpnie wykorzystuje si¢ w procesie identyfikacji parametrow modeli matema-
tycznych opisujacych zadany uktad. Do identyfikacji zastosowano procedur¢ najmniejszych
kwadratow i wykorzystano ja do analizy wybranych modeli liniowych i nieliniowych, w kto-
rych wystepuja pochodne do czwartego rzgdu wiacznie. Zaproponowany algorytm, poparty
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przedstawionymi analizami, potwierdza skutecznos¢ i efektywno$¢ pakietowej analizy falko-
wej w identyfikacji parametréw dyskretnych liniowych i nieliniowych uktadéw dynamicznych.
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Material tests of a bridge from 1796 over
the Strzegomka River in Lazany, Lower Silesia

L. Konat, G. Pekalski, J. Rabiega, U. Sachadel
Wroctaw University of Technology, Wybrzeze Wyspianskiego 25, 50-370 Wroctaw

In 1928, Paul Katz (an employee of the Technische Hochschule Breslau) at the end of his paper “Die
alteste eiserne Strafenbriicke des Europdischen Kontinents” [1] wrote: “If we have managed to provoke
an interest of the mentioned institutions (Technische Hochschule Breslau, German Museum of Technol-
ogy in Miinchen, authorities of the city of Breslau) in preservation of the bridge in Laasan (Lazany), then
our task has been fulfilled”. Publication [1] and much later papers [2—6], along with the present paper,
stipulate similarly. Metallographic and strength tests made have shown that for construction of the bridge
in Lazany unique material, structure and architectonic solutions had been applied. The parts of the bridge
structure have been made of grey pearlitic cast iron fulfilling all present-day requirements. There are still
scarce preserved original parts of the bridge, whose documentation is available. Possibly, this is the last
chance to rebuild the object, for example, in the settings of a Wroctaw park, thus maintaining it for pos-
terity.

Keywords: bridge, cast iron, corrosion, structure, mechanical properties

1. Introduction and short history of the bridge erection

Our study deals with the fragments of the arch bridge raised from the Strzegomka
River bed in Lazany (Laasan) near Strzegom in 1995. According to data from [4], the
structure of the bridge was cast in ferrous alloy in the “Matapanew” steel mill in
Ozimek, near Opole, in 1794. Initially, it was a stone bridge. News on building “iron”
bridges in England and North America affected the decision of the founder of the ob-
ject, Nicolas August W. von Burghauss (Count of Laasan and Peterwitz), to change
the building material to more modern one, i.e. the cast iron. The count was simply in
the vanguard of technological advance at the end of the eighteenth century. Hitherto,
the commonly used materials were wood and stone and technical solutions of bridges
made of these materials were based on experiences from past era. The use of cast iron
was the novelty because the lack of experience and understanding of material proper-
ties forced designers to work intuitively, which frequently led to excessive use of ma-
terial. Count Burghauss acted in strict co-operation with his friend, Prince von Reden,
who recommended modernisation of furnaces and foundry equipment in the Malapane
steel mill in Ozimek. The English engineer Wiliamson [3] managed to do that in 1789.
After the modernisation the Malapane steel mill was not inferior to steel mills in Eng-
land or Wales. That was confirmed by orders for making castings for bridges in Berlin
(Kupferdamm — 1798), in Potsdam (Kavalierbriicke — 1801), in Park von Charlotten-
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burg — 1803, and in Park von Paretz — 1804. In such circumstances, the bridge in
Lazany was erected. By making several small models and subjecting them to tests,
a construction of the first trial archs began in August 1794, and in December that year,
erection of the bridge itself. Transportation of arch parts of 8 m length and 2500 kg
weight each as well as the remaining parts of total weight of 48000 kg was a great
challenge at that time — they were transported by barges over the Odra River to Wro-
ctaw and then by wagons to Lazany. Cast iron structure of the bridge was ready in
1795. Within 10 weeks 60 workers assembled the structure under the supervision of
British engineer John Baildon, connecting the bridge parts by the simplest means such
as bolts, clamps and wedges. The bridge had 12.5 m span (40 Fuss) and was 5.62 m
wide (18 Fuss) (see Figures 1 and 2).

Fig. 2. Illustration of the Lazany bridge [7]
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On July 30, 1796, the bridge was officially opened. It was only 15 years after the
first iron bridge in the world had been built over the Severn River in Wales near Coal-
brookdale (see Figure 3). The Lazany bridge was smaller, more slender and flat (see
Figures 4 and 5). On that occasion Count Nicolas August W. von Burghaus commis-
sioned striking of silver and copper commemorative medals, one of which has been
preserved up to now and may be seen at the Medal Engraving Museum in Wroctaw.

Fig. 3. First in the world, still existing iron bridge Fig. 4. Slender and flat structure of the Lazany
over the Severn River in Wales [7] bridge (compare to Figure 3) [7]

In order to evaluate the load capacity, in 1928, Paul Katz [1] derived material in-
formation from the Metallurgy and Mining Office of Prussia (PreuBBichen Bergwerks —
und Hiitten — A.G.), from the Metallurgy Office in Gliwice (Hiittenamt Gleiwitz) as
well as from the Matapanew factory (Werk Malapane).

In 1995, fragments of the bridge were raised from the Strzegomka River bed. The
road bridge in tests was quite accidentally damaged and later disassembled in the fif-
ties of the twentieth century. Fragments of the bridge, which have been staying in wa-
ter for almost 50 years, had been earlier in use for 149 years. The preserved part of the
structure (the platform plate) has been subject to laboratory tests — some samples were
taken for strength and metallographic tests.

The plate showed scarce, as for 50 years of exposure to river water, macroscopic
corrosive changes. It was covered with many layers of corrosive products, solidly
bounded to metallic surface. Their thickness did not exceed 5% of the plate thickness.
Corrosive changes of the material were tending toward evenly distributed corrosion,
and only in the vicinity of a hole in which a newel post was seated, a pitting corrosion
was observed (see Figure 6).

In paper [4], it has been stated that the Strzegomka River bridge was made of grey
cast iron. That indicates that in its structure there may appear: ferrite, pearlite, graphite
and phosphide eutectic. Each of the above mentioned components shows different
electrochemical potential (the lowest one for ferrite, the highest one for graphite). That
is why between particular components of the iron the electrochemical corrosion cells
could be created, which are conducive to development of the pitting and selective cor-
rosion. The macroscopic state of the plate corrosion did not indicate that. The question
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about the type and range of corrosive changes was then a prompt for getting interested
in that material.

Fig. 5. Photograph of the bridge Fig. 6. Macroscopic view of the platform plate surface. Total
fragment taken in 1942 [7] surface is covered with multilayer corrosion products

Another reason for undertaking test works were the doubts concerning certain ex-
pressions in papers [4—6]. For example, the authors of [4] reported that the reason for
lower than standard moduli for the cast iron subjected to tests (the Young modulus)
could be a longer ageing time of material. According to test results of the structural
aspects of materials degradation [e.g. 8 and 12] the “ageing processes” (rather struc-
tural degradation processes) in cast iron are not possible. Moreover, while an interdis-
ciplinary scientists team, which undertakes tests on steel fragments of Wroctaw
bridges [12—15], has been operating at the Wroctaw University of Technology for
some time now, then the material of which the first iron bridge at the European conti-
nent was made of should also become the object of its interest.

From information contained in papers [4, 5] a conclusion can be drawn that frag-
ments of the bridge under tests have been made of cast iron of pearlitic matrix. How-
ever, according to the table in the book edited by Frideric Staub [9] industrial methods
of such iron production have not been developed until 1920. Earlier then in 1870—
1890, the cast irons of ferritic and ferritic-pearlitic matrix with thick graphite and
variable thickness graphite were produced.

Undoubtedly, the structure and the properties of such materials were very different
and depended on the technology applied. However, they were characterised by repeat-
able properties. The paper [10] presents an example of cast iron pipes used for con-
struction of great Versailles channel (for Versailles park fountain supply). For 330
years the pipe has been in operation and the evaluation of its present state shows “no
signs” of visible corrosive changes.
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Also there exists earlier data concerning application of cast iron in Europe. In pa-
per [11], it has been said that L. Krug, the Augsburg builder, used the pipes of forged
iron for distributing water in Nurnberg, in 1412. Several years later, because of corro-
sive destruction, they were replaced with wooden, lead and cast iron pipes. Of course,
it is not known what structures the above-mentioned irons had. However, it is possible
that for building the Lazany bridge the grey cast iron of pearlitic matrix was used for
the first time in the world.

2. Chemical analysis and strength test results

The test results collected in Tables 1 and 2 constitute the initial data for further
work. For example, they show differences in chemical analyses of the present and
previous tests [4]. However, discrepancies are not large enough to indicate a change in
the structure type of the cast iron tested.

Table 1. Chemical analysis results

Eéf::;rtlst Analysis | Gravimetric X-ray Average Contents in grey

%] acc. to [4] analysis microprobe | composition cast irons

C 3.140 2.100 - 2.620 2.500-3.600
Mn 0.560 0.610 1.000 0.720 0.400-1.400
Si 2.400 1.480 1.460 1.780 0.300-3.500
P 0.260 0.570 0.390 0.410 0.100-1.000

S 0.030 0.040 - 0.035 max 0.12

Cr - 0.100 - - -

Ni - 0.050 - - -

Table 2. Strength and hardness test results
Data acc.

0 [2] Own tests
HByor - 177 172
Reaver MPa 501-516 567
UTS MPa 161 167

Results for R,, and HB parameters presented in paper [4] and obtained in our own
tests are very similar to each other (see Table 2). Figure 7 presents tension curves ob-
tained in the current tests.

In publication [10] devoted to cast irons as well as in other contemporary elabora-
tions, a series of empirical relationships is presented which enables approximate de-
termination of other strength attributes of irons. They are based on the parameters R,
and HB and on chemical composition of irons. Using those relationships, the follow-
ing values have been calculated for the material tested: compressive strength (R.), tor-
sional strength (R,), shear strength (R,) and bending strength (R,). Based on the eutec-
tic saturation degree (S.), hardness of the iron has been also calculated and compared
with measurement results:
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In order to calculate S,, the results of gravimetric analysis from Table 1 have been
adapted. The resultant eutectic saturation value S.ranges from 0.60 to 0.93. At that
value of S, the best correlation with test results is obtained for relation [10]:
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Fig. 7. Tension test curves for cast iron samples

Roughly calculated values for strength moduli for the material tested are as fol-
lows:

a) compressive strength R. (o) = 567668 MPa,
b) torsional strength R, (013) = 167-267 MPa,
¢) shear strength R, (0,8) =200-233 MPa,
d) bending strength Rq (0p5) = 250-334 MPa.

Measurement and calculation results presented above coincide with the recent data
concerning the methods of determining basic properties of cast irons [16]. Considering
real thickness of the platform plate (50 mm) and average chemical composition of the
material (disregarding the contents of sulphur, phosphorus and manganese) an ap-
proximate tensile strength and hardness have been determined. The corresponding
values were: UTS, 160—-170 MPa and HB, 160—170.
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Standards related to grey cast irons do not allow us to determine their impact re-
sistance (they do so for spheroid irons). Taking account of the fact that in other our
papers the levels of impact resistance have been determined for steel at the tempera-
ture ranging from —40 °C to +20 °C, such tests have also been made. The impact re-
sistance of the iron tested was not changing (not decreasing) as a function of a tem-
perature drop, and the values obtained did not exceed 5 J/cm®. This could be compared
to the St3SX grade steel, which after 55 year use showed the impact resistance equal
to 3.6 J/cm® at the temperature of —40 °C and steel used for construction of the Grun-
waldzki bridge whose impact resistance is 10 J/cm? [8, 12 and 13].

Considering the chemical composition as well as obtained and calculated properties
of cast iron, the material tested could be rated as grey iron of the ZL 150 grade ac-
cording to PN-92/H-83100 standard (Grey Cast Iron, Classification). Currently, the
material of similar properties is treated by the PN-EN 1561:2000 standard. It results
from the standard that for such a material also fracture toughness is being evaluated,

as it specifies the coefficient K. (K;. = 32 MPa«/E ). Analysis of the strength data for
the material indicates that the cast iron in tests fulfils all requirements imposed by the
standard. For the cast iron type EN-GJL-150 the chemical composition is not being
determined and therefore the chemical analysis results presented in Table 1 are com-
pared to data from [9].

3. Microscopic test results

Figures 8 and 9 present the structure of the cast iron in the non-corroded regions.
As can be seen from the microphotographs, graphite in the material subjected to tests
has a form of flakes. According to the currently obligatory Standard PN-EN ISO 945
it can be defined by the IA3 standard. The structure of matrix is composed of pearlite
of the lamellar shape and of pseudo-two-component phosphide eutectic. The presence
of a large quantity of phosphorous eutectic testifies to rational selection of the chemi-
cal composition of the iron in the face of slenderness, frequent shape change and pres-
ence of thermal centers in the complex casting. Such a mixture that solidifies at the fi-
nal stage of cast iron crystallization provides its flowing power and good filling of
casting moulds. The lamellar and uniform dispersion of phase structure of pearlite tes-
tifies to slow iron cooling from the temperature of crystallization beginning to the am-
bient temperature. Such a status of the structure, close to the equilibrium one, provides
the optimal mechanical properties and minimal level of internal stresses in the consid-
ered group of materials of such chemical composition.

Microscopic observations of corrosion samples (Figures 10—12) have shown that
microscopically identified corrosive changes of the cast iron tested involve up to 10%
of the plate thickness. Macroscopically, the corrosion is close to uniform in character.
However, microscopically the corrosion is selective in character and appears as a re-
sult of corrosive cell activity between cathodic graphite and pearlite constituting
a matrix of the iron. In surface layers (Figures 8 and 9), the iron matrix has been to-



34 L. KONAT et al.

tally dissolved in such a way that the plate material is composed of graphite precipita-
tions and corrosion products. Somewhat deeper (Figure 12) pearlite deposits have
been preserved, being distributed between the net of graphite precipitations. Edges of
those areas are shredded and irregular in shape because of the selective corrosion in
the area of mixture (ferrite + cementite). Ferrite is anodic in relation to cementite and
therefore it submits first of all to corrosive (anodic) dissolving. Structures of the iron
tested, outside the corroded zone, which have been observed in the scanning micro-
scope are shown in Figures 13—17. Additionally, chemical microanalyses have been
made with X-ray microprobe (Figures 18 and 19).
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Fig. 8. Flake form of graphite in cast iron. Fig. 9. Pearlitic matrix of cast iron (1) with
Non-etched microsection precipitations of pseudo-two-component
phosphide eutectic (2) and flake precipitations of
graphite (3). Etched with 3% HNO;

Fig. 10. Area of corrosive changes near the sample  Fig. 11. Magnification of a picture shown in Figure
surface. Average depth of corrosive changes 10. In the zone marked with arrow, only graphite in
approaches 3 mm. Non-etched microsection setting of corrosion products appears. Non-etched

microsection
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Fig. 12. Graphite with adjacent areas of partly Fig. 13. Microstructure area whose superficial
dissolved pearlite (white fields). Non-etched distribution of alloy elements has been made
microsection (Figure 14): ® — pearlitic matrix, @ — pseudo-
two-component phosphide eutectic, @ — graphite.
Etched with 3% HNO;

b))

Fig. 14. Superficial distribution (mapping) of alloy elements in the cast iron tested: a) superficial
distribution of iron (black area — graphite), b) superficial distribution of phosphorus (concentration
of phosphorus in the phosphide eutectic area), c) superficial distribution of manganese,

d) superficial distribution of silicon
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Fig. 15. Flake precipitations of graphite in pearlitic Fig. 16. Graphite precipitation with longitudinal

matrix. Microdiscontinuities of structure are microcrack in pearlitic matrix of a lamellar
visible at the borders of graphite—eutectoid. structure and precipitation of phosphide eutectic.
Etched with 3% HNO; Etched with 3% HNO;

Fig. 17. Magnification of microstructure fragment  Fig. 18. Cast iron microstructure with a line along

marked in Figure 13 with frame: @ pseudo-two-  which chemical microanalysis has been conducted:
component phosphide eutectic, @ pearlite of flake 1-5 — subsequent precipitations of graphite,
structure — the iron matrix. The area shown does S — phosphide eutectic area. Etched with 3%
not involve graphite precipitations. Etched HNO;
with 3% HNO3
a) b)
1.2 34 5 s '
C) d)

Fig. 19. Change in the content of selected elements along the line marked in Figure 18:
a) iron, b) phosphorus, ¢) manganese, d) silicon
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Observations made with scanning microscope and X-ray microprobe have intro-
duced certain supplements compared to tests under light microscope (Figures 13—19).
Presence of pseudo-two-component phosphide eutectic and pearlite of lamellar struc-
ture has been confirmed. Status of the matrix structure in the cast iron indicates its
slow cooling. From here the changes in particular element content, which testify to
relatively small segregation, are originating (Figure 19). The structures presented in
Figures 13 and 16 and described later in this article are significant for fractures. Dis-
continuities can be seen at pearlite—graphite boundary, and microcracks — in the
graphite itself. Along those microstructural “defects” a cracking process should run in
the course of impact tests.

While summarizing the microscopic test results it could be stated that the platform
plates have been made of pre-eutectic grey cast iron with pearlitic matrix, flake graph-
ite and pseudo-two-component precipitations of phosphide eutectic. Graphite precipi-
tations have not differed significantly in size and thickness. No part of the material
samples tested has shown the presence of free ferrite grains.

4. Fractographic test results

In order to obtain fractures, the samples for impact tests with “U” notch have been
used. They have been fractured with the Charpy hammer. Macroscopic structure of the
fractures (Figure 20) has shown diversification neither within the group of samples,
nor as a function of a temperature change.

All fractures were brittle in character (cast iron — low level of impact resistance).
They mainly ran in the transcrystalline way, and only locally as intercrystalline. The
presence of the intercrystalline fracture can be distinguished there by cracking zones,
e.g. along the boundaries of phosphide eutectic precipitation (area 1 — Figure 21) and
sometimes of graphite (Figures 22-26).

Fig. 20. Macroscopic view of fractures in impact samples: 1 — test temperature +20 °C,
2 — test temperature 0 °C, 3 — test temperature —20 °C, 4 — test temperature —40 °C
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Fig. 21. Fracture of sample 4 (Figure 20): Fig. 22. Energy spectrum of X-ray radiation from
@ fracture area in contact with phosphide eutectic, area @ shown in Figure 21. High peak from
@ graphite, @ fracture area in metallic matrix phosphorus can be seen — a place after
phosphide eutectic
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Fig. 23. Energy spectrum of X-ray radiation from Fig. 24. Energy spectrum of X-ray radiation from
area @ shown in Figure 21. High peak from area @ shown in Figure 21. Only peaks from
graphite can be seen elements present in the cast iron in quantities
specified in Table 1 can be seen

Fig. 25. Area @ (Figure 21). Transcrystalline Fig. 26. Fracture area with graphite concentration
brittle fracture (G). Intercrystalline fracture in the center
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5. Summary

The material tests conducted confirm and supplement the results reported in other
works [4—6]. On their basis it can be stated that the platform plates of the bridge
crossing the Strzegomka River in Lazany and built in 1796 were made of pre-eutectic
grey cast iron. The iron has matrix composed exclusively of lamellar pearlite, fine and
homogeneous graphite and pseudo-two-component phosphide eutectic. In the areas
that are not suffering from corrosion, the material fulfills the requirements of the cur-
rent standard for grey cast iron of the EN-GJL-150 grade (previously the ZL 150
grade). Considering the average chemical composition and content ranges of alloy ad-
ditions to those materials (Table 1) it can be concluded that it completely fulfils the
presently determined requirements related to chemical composition [9].

The structure of the material in that slender and complicated in shape construction
are well selected and perfectly made. The chemical composition and the structure of
the material tested exclude the processes of the bridge structural degradation as
a result of long-term use. They consist in precipitation of carbides and nitrides from
solid solutions (ferrite), both inside grains and at their boundaries. In the cast iron
tested, the solid solution (ferrite) appears only in pearlite, which constitutes the iron
matrix. Structural degradation of material occurs and influences essential deterioration
of its properties only in low-carbon unkilled steels (e.g. St3SX) [8, 12, 15]. Corrosive
changes are also referred to as material degradation changes. The influence of corro-
sion on degradation of the material tested has to be considered as minimal. Corrosive
changes described in the paper appeared as a result of long deposition of the plate in
waters of the Strzegomka River. Such corrosive environment is many times as aggres-
sive as atmospheric hazard in which the bridge had normally been operated.

Based on the description and interpretation of the corrosive tests we could conclude
drawn that the corrosive factor (the ambient air) was negligibly small in the degrada-
tion of the Strzegomka bridge material. The theorem is more probable because, ac-
cording to paper [4], the bridge platform had been made of cast iron plates on which
sand bed had been placed, covered with pitcher. That way hazards resulting from the
ambient air influence were not direct. A reflection also results from observation of
corrosive phenomena in Versailles iron pipeline mentioned previously. At external
surfaces (certainly protected against corrosion) of the pipe there may be no “visible
corrosive changes”. However, most probably, the internal piping surfaces (those in
contact with water) are characterized by similar corrosive changes as those shown in
Figures 10-12.

Summing up the results of the tests and analyses conducted it can be stated that if
there were no war damage to the Lazany bridge in 1945, and the following devastation
(not degradation) of the object next year, it could still be in operation as “the first cast
iron bridge on European continent”. Possibly, having restored many objects of tech-
nological culture of the past, it is worth undertaking the effort of reconstruction of the
bridge from the same material and according to the same technology. However, the
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initiative is not new. As early as in 1928 [1], an idea of transferring the bridge to Wro-
ctaw and setting it in the Szczytnicki Park (Scheitniger Park) emerged. The concept
was raised again in [2] and local newspapers in 1942, with arguments that load capac-
ity of the Lazany bridge was too low for that time (mining and transportation of ar-
gilla). Technical certifications issued by Technische Hochschule Breslau in 1928 al-
lowed operating the bridge at maximum load of six tons, with safety factor 6 and “at
low speed”.

Recently, Bridge Department of the Technical University of Wroctaw as well as
authorities of Strzegom town have undertaken actions aimed at restoring the bridge,
which if existed today, would be a class “0” monument and would be specified on the
UNESCO World Heritage List. Possibly, in the structures of European Union the fi-
nancial barrier, which so far prevented the undertaking, could finally be lifted.
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Badania materialowe mostu na rzece Strzegomce wybudowanego
w 1796 roku w Lazanach na Dolnym Slasku

Badano fragmenty pierwszego w Europie ,,mostu zelaznego”, ktéry wybudowano w 1796
roku. Most ten byt juz przedmiotem badan Katza (1928 rok, TH-Breslau) oraz Bliszczuka i Za-
biegi (1997 rok). Po Il wojnie §wiatowej konstrukcja mostu ulegta uszkodzeniu, a jej czgsci le-
zaty w nurcie rzeki Strzegomki przez okoto 50 lat.

Na tle krotkiej historii mostu i przegladu materiatdéw wykorzystywanych do budowy prze-
praw mostowych przedstawiono rozbudowane, w porownaniu z danymi podanymi przez wy-
mienionych autorow, wyniki badan probek pobranych z ptyt pomostu. Badania te obejmowaty
obserwacje makroskopowe i analizy chemiczne (grawimetryczna i spektralna), pomiary twar-
dosci, proby rozciagania i udarnosci, oszacowanie innych wiasciwosci mechanicznych oraz
badania metalograficzne metodami mikroskopii $wietlnej i skaningowej. Na ich podstawie wy-
kazano, ze most wykonano z przedeutektycznego zeliwa szarego o osnowie perlitycznej
z drobnym grafitem ptatkowym i pseudodwusktadnikowej eutektyce fosforowej. W obszarach
nie objetych zmianami korozyjnymi material ten spetnia pod wzgledem wlasciwosci mecha-
nicznych, struktury i sktadu chemicznego wymagania, jakim musi obecnie odpowiadaé zeliwo
szare gatunku EN-GJL-150. Degradacja struktury materiatu ogranicza si¢ do zmian korozyj-
nych spowodowanych dzialaniem wody rzecznej na badane elementy mostu. Procesy koro-
zyjne byly zatem pomijalnie mate w rzeczywistych warunkach eksploatacyjnych mostu. Ocena
wynikdéw badan pozwala jednoznacznie stwierdzié, ze gdyby nie powojenne uszkodzenia, most
ten mogltby by¢ w dalszym ciagu uzytkowany. Ze wzgledu na historyczna warto$¢ tego obiektu
juz w 1942 roku proponowano jego demontaz i przeniesienie go do Parku Szczytnickiego we
Wroctawiu. W konkluzji proponuje si¢ podjgcie obecnie tej inicjatywy i wykorzystanie nie-
licznych juz oryginalnych fragmentow mostu do jego rekonstrukcji.
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Coefficients of buckling length of chords for
out-of-plane instability of small-bay trusses
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The stability of chords in the case of out-of-plane buckling of small bay trusses has been analysed.
Seven static schemes having different member stresses, topology and the way of support have been
investigated. The computing model of a flat truss has been considered taking into account the virtual
displacements and the spatial model of bar system as well. The comparative analysis of coefficients of
buckling lengths has been made for chords in the case of out-of-plane buckling of the truss models
considered.

Keywords: one-way truss, out-of-plane buckling

1. Introduction

Designing one-way trusses according to [l1], we can assume coefficients of
buckling length of chords for out-of-plane instability as g, = 1.0. If the distance
between the nodes of out-of-plane buckling mode contains few panels, this kind of
estimation might be inadequately precise and in extreme cases leads to unnecessary
material consumption or increases structural safety risk. This results from the model
assumed in the analysis of stability of chords, according to [1], in which the single bar
under constant axial compression force is isolated from the truss. This model ignores
few significant conditions, i.e., real distribution of axial force, which may change
itself gradually along the length of chords and also from the compression to tension,
the method of connecting chords to web member, and the point of imposing the load
relative to the axis of support of construction as well.

The attempt of taking all the enumerated factors into account in the out-of-plane
stability analysis of chords has been made in [2]. The stability of the one-bay chords
of roof trusses with web members in “N” configuration has been analysed. In the span
length, the upper and lower nodes of these structures have been supported in the per-
pendicular direction towards truss plane by sway bracing. The analytical model of
a chord as the bar isolated from the truss, which is loaded with gradually changing
axial force, and the spatial model of the bar buckling (lateral buckling of truss) have
been considered. The stability of chords has been analysed parametrically by changing
both the number of panels n = 2-9 and the way of loading (in the upper and lower
nodes of chords). Additionally, the effect of both, the chords to verticals’ connection
(fixed and hinged) and to supports connections (fixed and hinged in terms of torsion),
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on the critical load have been studied as well. The consideration of the real distribu-
tion of axial force in the chord, the impact and stiffness of connection chords with bars
and with support as well as the way of loading the structure allow considerably
smaller values of s, (1, ranges from 0.9 to 0.4) than that proposed in [1]. However,
for the small-bay trusses, in which the number of panels 7 is 2, 4, = 1.10, that is 10%
more compared to [1]. The critical load for out-of-plane buckling obtained according
to [1] leads to overestimation approaching 21%.

The coefficient of the buckling length of chords z, = 1.10 has been obtained for the
spatial model of the bar buckling (lateral buckling of truss), while for an analytical
model of the bar isolated from the truss, loaded with varying axial force, 1, = 0.94. In
the structures analysed, the bars were connected with chords in a hinged way. This pa-
per deals with an attempt at explaining the differences in x, and with the identification
of factors influencing the critical load of chord of small-bay trusses. As hypothetical
essential factors, having the impact on critical load of chord of small-bay trusses, the
influence of web members of the truss on its unsupported, indirect node and displace-
ment of this node perpendicular to plane of structure were assumed. Moreover, it was
assumed that the topology of bars and their axial stresses (compression or tension)
might be essential in this case. That is why the trusses in which the topology of bars
was changed, the ratio of their depth (%) to the length of panel (@) and the way of sup-
port were analysed.

The analytical solutions presented in this paper exemplify universal conception of
load capacity estimation of flat trusses’ chords for out-of-plane instability. It consists
in the analysis of imperfect models, in which the virtual displacements of 4, and 4,
nodes are taken into consideration.

2. The description of the problem analysed

The subject of this paper is the analysis of out-of-plane buckling of chords in
small-bay trusses. The analytical model of a flat truss including the virtual lateral out-
of-plane displacements and also the spatial model of the bar buckling (lateral buckling
of truss) have been considered. The aim of research dealing with the model of a one-
way truss was to consider in the stability analysis of chord its real distribution of axial
force as well as the effect of web members. The analysis of the model of lateral buck-
ling of the truss allowed us to consider, apart from its real axial stress and the other
bars’ impact, the geometrical parameters of structure, the point of imposing the load
and also the way of connecting chords with the other bars as well as with the support.
Moreover, it allowed us to verify the assumptions accepted in the stability analysis of
the one-way model.

Seven single-span trusses K-1-K-7, whose static schemes are shown in Table 1,
have been studied. The concentrated forces are applied to the upper nodes. In the span
length, the upper and lower nodes are supported by sway bracing (marked: with “e” in
Table 1). The bars of trusses are made of steel square tubes. Continuous chords are
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hinge connected with verticals and diagonals. The trusses being analysed have differ-
ent bar topology and the position of support axes for upper (K-1, K-2) and lower (K-
3-K-7) nodes. Out-of-plane chord stability has been analysed parametrically by
changing the truss depth % to the length of panel a ratio.

The out-of-plane critical loads of chords N,,, (measured as the maximal value of
their axial force) for the flat truss model have been obtained analytically, while for lat-
eral buckling of truss model — numerically by FEM. On the basis of results the coeffi-
cients of out-of-plane buckling length of chords have been calculated from the fol-
lowing formula

_x EJ,
" 2a\N,,’

Hy )

where: N,,, — the out-of-plane critical load of chords measured as the maximal value
of axial force in this member; EJ, — the flexural stiffness in the plane of buckling of
the chord.

3. The out-of-plane stability analysis of one-way truss chord
in the presence of virtual displacements

The method used in out-of-plane stability analysis of chords of small-bay trusses is
a modification of critical load estimation procedure of spatial buckling of two cross
braces of “X” joint shown in [3]. This method is based on the energy criterion of sta-
bility.

The trusses analysed have been split into single unconnected bars: chords, diago-
nals and verticals. At the ends all of them were subjected to axial forces, whose values
were taken from structural analysis of truss loaded in nodes with the force P = 1. Then
a general deflection in an individual form was assumed for each bar, which satisfies
all the boundary conditions, both geometric and static. Based on the displacements and
taking advantage of the elementary theory of structures, the increase of energy in
bending system (AU) was defined. Then the work of nodal force (AT) on the dis-
placements in the direction of center line as the effect of buckling of bars was deter-
mined. The value of buckling load for a structure was obtained from the comparison
of the increase of energy in the bending system AU and the work AT. As a result of
calculations based on the energy equilibrium, buckling load of chord N, is deter-
mined as a function of parameters of the static scheme of truss K-i. From Equation (1)
the values of coefficients of buckling length of chords out-of-plane 1, were defined.

In the one-way computational model of trusses for upper and lower chords (which
are not supported in the direction being perpendicular to the principal plane of girder),
the virtual lateral displacements A, and 4, were adopted. The chords in the case of out-
of-plane instability undergo those displacements. On their basis the functions of de-



46 A. BIEGUS, D. W0ISZCZYN

flections of the trusses’ center line of bars x'(z;) have been assumed. In the static
schemes of structures, the local axes z;; have been assumed to overlap the direction of
longitudinal axis of each of the members; however, the direction of the local axes x,; is
the same as the direction of the global axis x (Figure 1).

Fig. 1. The scheme of the computational model of the stability for the one-way truss K-1
in the presence of virtual displacements A4, and 4,

For the hinged connection of the web members with the continuous chords and the
designations shown in Figure 1 two types of displacements of bars have been studied:
sinusoid half-wave in the following form

X(z)=A, sinn2—zl )

and linear functions.

The sinusoid describes the deformation of the upper chord for the trusses K-1 and
K-2 and the deformation of the upper and lower chords for the cases K-3—K-7. The
displacement of axes of the remaining bars has been assumed in the form of linear
functions with the directional coefficients which are characteristic of the group of bars
under examination.

The presented method of the analysis of stability of the upper chord out-of-plane
buckling of small-bay trusses was discussed based on the example of K-1 truss with
the static scheme of the computational model shown in Figure 1. This truss web com-
prises compression verticals and diagonals under tension. The axial force in the upper
chord of the truss changes gradually: from N,"°=—1.5 Pa/h at the supporting zone to
N>,"9=-2.0 Pa/h for the median part. In this one-way structure, the virtual displace-
ments of the upper truss node 4; and the lower truss node 4, were accepted in the
analysis assuming the same directions but different senses. On the basis of the form of
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the spatial instability accepted in this way, the functions of displacements for axial
truss members were selected: for the upper chord in accordance with (2), and linear
functions for the remaining members.

The increment of the bending energy AU in the chords of the truss analysed has
been determined using the following formula

2 2,52 2
AU = EJ pg T[dszG(ZI)J dz, + EJg, aJ:rh (dleK(Zl ] EJS jl' [d2x5(21 J
2
0

2 dz, 2 dz, 2 dz,
v :
EJKZ Ih d’x (Zl) dz EJPDJ d’x PD(Zl) dz 3)
2 d 1T dz.? "’
0 Zl 0 Z)

where: J;— the out-of-plane moment of inertia (PG — for the upper chord, PD — for the
lower chord, K; — for the diagonals, S — for the vertical member of the truss,
respectively), £ — Young’s modulus, x'(z;) — the assumed functions of deformations
for the axes of the truss members.

Owing to the linear character of the accepted functions of the truss web and the
lower chords as well, only the bending of the upper chord of trusses affects the calcu-
lated increase of the structure energy AU. The increment of the truss energy with the
K-1 scheme is

T EJ oo A

AU[a,EJ e, 4] =
[ PG 1] 32a3

(4)

To determine the force that is exerted on the displacements of the bar end con-
nected with the deformations of the structure (on the basis of the structural stability
analysis) the value of the internal forces in the truss chords N’ has been defined. The
work of the nodal load has been calculated from

PG a PG 2 PG 2a PG 2 K Va+i? K ?
aro N J-(dx (zl)j PR J-(dx (zl)J P (dxl (ZI)J &

2 dz, 2 dz, 2 dz,
5 kN (ko Y PD o PP )Y
N dx® (Zl) dz, Ny .[ ax; (z)) dz, — N, J dx(z) dz,, )
2 0 le 2 0 dZ] 2 0 le

where x'(z,) is the same as in Equation (3), N' stands for the value of the axial forces
in chords.
For the considered scheme of the truss K-1 we obtain
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(6)

2 2 2 2
AT[h,P,Al,AZ]Z(%‘ _l)AIP_’_E(Al Az) P_EAZP.

32 4, h 4  h 2 h

The critical load of the truss K-1 due to out-of-plane instability condition of the
truss chord has been determined by comparing (4) and (6)

T hEJ

P [a,h,EJ,..k]= , 7
ol ra:K] [16+7n% + 48k — 24k>]a’ ™
where
AZ
k=——2. 8
1, ®)

The coefficient of buckling length of the upper chord out of the plane x, (1) was
defined on the basis of its critical force N,,,, under which the truss buckles (7). The
calculated coefficient of buckling length of the chord is

V16 + 7% + 48k — 24K>
[k]= . 9
w,[k] o )

The result obtained is the function of the variable k. The function u, reaches its extre-
mum at £ = 1, which means that the minimum value of the critical force occurs in the
chord when the displacement 4, is equal to 4;, but has an opposite sign. In the stabil-
ity analysis of the truss chord K-1, the deficiency of the displacement of the lower
truss node 4, (k = 0) is the most advantageous. The maximum critical loads of the
structure P, and the corresponding coefficients of the analysed structure z, are shown
in the form

n*hET o, V16 + 777

k=0 = == UPG = =270 ~1.038,
"6+ T ] o o 10)
e _ m'hEJ 40+ 7’ 1175
= E R T AT e
T

In the stability analysis of chords according to the method presented, the displace-
ments 4, and 4, were hypothetically assumed to be the closest to the actual ones. The
acceptance of these values, especially the ratios between them, has an essential influ-
ence on the estimation of 1.



Coefficients of buckling length of chords for out-of-plane instability of trusses

49

Table 1. Coefficients of buckling length of chords for out-of-plane instability for the trusses y,
Sggll_ Truss scheme N/CINJC Buckling coefficient of the chord
1 3 4
- V1647 + 48k — 24k
L=
- 1.5P 22n
2P
[k =1=1.175
- 8+ 31 +16k — 16k
1. .
K-2 1P V3n
1.5P
w,[k=0.5]=1.185
| \/16+7n2 —3k(16+kn°)
v 2
- 1.5P 22n I+ak
2P
u,[k=0]=1.038
o] \/8+37:2 —2k8+k?)
v 2
K 1.5P 3 1+ak
1.5P
Tk =0]=1.127
ok \/16(1—k)+(3—7k2)7t2
s 0 Y Jon l+ak’
1.5P
4,[k=0]=0.878
s = 1 ’8+(2—3k2)71:2
vy =5 AT 1.2
K6 0 2n l+ak
2P
[k =0]=0.838
P _ 1 ,8+(2—3k2)71:2
0 v 2
K7 0 2n l+ak
2P
4,k =0]=0.838
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The analogical procedure has been used for the trusses K-2—K-7. The values of the
coefficients of out-of-plane buckling length of chords of these structures p, together
with their most disadvantageous values are presented in the column 4 of Table 1 (in
the formulas, the following assumption have been made: & = Jpp /Jpc — the ratio of the
moment of inertia of the lower chord to the moment of inertia of the upper chord; for
the trusses K-5—K-7 the parameter & is k = 4,/ A)).

4. The out-of-plane buckling analysis due to spatial instability of the truss

The flat trusses K-1-K-7 (Table 1) have been exposed to the same numerical stud-
ies as those of spatial structures. Their continuous chords are hinged to the truss web,
both in the plane yz and the plane xy (Figure 1). The overall buckling of trusses has
been analysed in the parametric form, changing the //a ratio. The FEM calculations of
the structures’ stability were based on the SOFiSTiK system [4].

The trusses analysed undergo the overall instability in the same mode as in the case
of the lateral buckling of beams. The out-of-plane buckling of the compressed chord
has a direct effect on the buckling mode. The chosen results of the calculations of the
coefficient of the buckling length of the chord p, (K-1-K-7) are presented in Table 2
(lines 1-7). For comparison purposes, in line 8 (Table 2) the coefficients x, obtained
by using the method discussed in the point 3 are given, while the value recommended
in [1] is shown in line 9 and the values of the estimation for the computational model
of the isolated member [2] are shown in line 10.

Table 2. Coefficients of buckling length of chords for out-of-plane instability of the structure z,

N h Coefficients of buckling length of chord u,

o ; K-1 K-2 K-3 K-4 K-S K-6 K-7
1 0.50 1.053 1.099 0.925 0.995 0.807 0.761 0.758
2 0.75 1.079 1111 0.954 1.018 0.821 0.780 0.778
3 1.00 1.096 1.116 0.973 1.031 0.829 0.791 0.790
4 1.25 1.107 1.119 0.985 1.040 0.834 0.799 0.798
5 1.50 1.116 1.121 0.995 1.048 0.839 0.805 0.804
6 1.75 1.123 1.123 1.003 1.054 0.843 0.809 0.809
7 2.00 1.128 1.126 1.010 1.060 0.846 0.813 0.812
8 e.c.of s. 1.175 1.185 1.038 1.127 0.878 0.838 0.838
9 [1] 1.0

10 2] 0936 [ 1.0 [ 093 | 10 [ 0727 [ 0727 | 0727

5. Final remarks and conclusions

In the case of small-bay trusses (for instance: cantilever beam, space grid), ignoring
the reaction of the web members of the truss in the out-of-plane stability analysis of
the structure accepting 4, = 1.0 [1] can lead to the overestimation of their critical load
N,y. The analysis presented showed that the lateral displacement of the unsupported
node causes an increase of buckling length coefficient (z, > 1.0). In this intermediate
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node of the chord, we have a virtual reaction of vertical and diagonal members, which
is perpendicular to the principal plane of the truss and the axis of the chord. This
causes additional stress of the compressed chord (the reduction of load-capacity) and
buckling under the load being smaller than that in the case of the compressed truss
member in which there is no reaction of the verticals and diagonals of the truss (mod-
els according to [1] in contrast with isolated chord according to [2]).

In the work, the structures of the perfect geometry of chords’ axes hinged to the
truss web were analysed. It is necessary to notice that the real constructions with ini-
tial deflections of the axis of the chords A4, additionally decrease their load capacity.
The reducing reaction of the verticals and diagonals has then more disadvantageous
influence because it is responsible for the displacement 4, (according to [5] the per-
missible flexure of the axis of the chord is 4y = max [L/500; 6 mm], where L is the
length of the chord). Simultaneously connections of the chords with the verticals and
diagonals of the structures are not perfectly hinged and they have a certain rigidity that
increases the critical out-of-plane load capacity of the chords analysed.

Coefficients of the buckling length of the chords studied , > 1.0 were found in the
trusses K-1-K-4. The maximum values g, occur in the structures K-2 and K-4 (where
the chord is compressed by the constant force along its length, N;"“/N,"“ = 1.0) as
well as in K-1. If the energy method is used, the obtained values of x, are higher than
those given in [1] by 18.5% (for K-2) and 12.7% (for K-4). The difference in estima-
tion of the critical load of the chord N, in comparison to [1] is about 29% for K-2
and about 21% for K-4. In the structures K-1 and K-3, the ratio of the forces in the
chord is N\"“ /N,"¢ = 1.5/2.0. For such loading of the chord M, =0.94 [2] when the re-
action of the verticals and diagonals is neglected; on the contrary, when the reaction is
considered (point 3) , = 1.175 (for K-1) and g, = 1.038 (for K-3). In comparison to
the load capacity of the chord N, according to [1] the difference approaches 28%
(for K-1) and 7% (for K-3).

For trusses K-5-K-7, using the energy method, z, = 0.88 (K-5) and z, = 0.84 (K-6
and K-7) were obtained. In this case, the values x, < 1.0 are affected by the force dis-
tribution in the compressed chords (zero-force N;"“ at the supporting zone of the
chord) and truss web as well as by topology of the verticals and diagonals. If only the
actual distribution of the longitudinal force in the chord is considered, then x, = 0.73
[2]. Owing to the reaction of the verticals and diagonals (according to the estimation
in point 3) the increase of the value x, of about 21% (for K-5) and about 15% (for K-6
and K-7) in comparison with z, = 0.73 was observed [2].

The stability analysis of the trusses using FEM allows more accurate defining the
critical load for a chord than the estimation applied in point 3. Moreover, it allows
considering among others: the characteristics of the truss nodes (fixed, hinged, flexi-
ble), the way of loading (in the upper or lower chord), the support (fixed and hinged in
terms of torsion) as well as the characteristics of the geometry of the structure (4/a ra-
tio). The values of y, obtained by means of FEM confirm the disadvantageous effects
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of verticals and diagonals on the chords’ resistance in the case of out-of-plane buck-
ling. The differences in 4, in comparison to that obtained in [1] range from 5 to 13%
(for K-1), from 10 to 13% (for K-2) and to 6% (for K-4). Whereas, x, for K-5-K-7 is
more advantageous than that proposed in [1]. It has to be mentioned that FEM allows
us to observe the effect of the system geometry //a on the quantity x,, which is ig-
nored in the energy method.
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Wspétezynniki dlugo$ci wyboczeniowej pasow
z plaszczyzny ustroju ,,krétkich” kratownic

Analizowano stateczno$¢ pasow podczas wyboczenia z plaszczyzny ustroju ,.krotkich”
kratownic. Badano 7 schematow statycznych kratownic, ktdre roznily si¢ wytezeniem pretow,
topologia i sposobem podparcia. Rozpatrzono model obliczeniowy kratownicy ptaskie;j,
uwzgledniajac jej przemieszczenia przygotowane oraz model przestrzennego ustroju preto-
wego. Wykonano analizy poréwnawcze wspotczynnikéw diugosci wyboczeniowych pasow
z plaszczyzny kratownic badanych modeli.
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The way in which a new road bridge made frBaper Corcorrugated steqilateswas tested during
the three stages of its construction is descrilmetithe test results are presented. In construstage |,
the bridge was loaded with backfill and in stadesnd Ill, with two ballasting vehicles. The boxdge
spans the Bystrzyca Dusznicka River in Polanica Z@dland). The span’s effective length is 12.27 m
and its vertical inside diameter is 3.85 m. Thelsspan is founded on two reinforced concrete $orijm-
dations. The average values of the displacementtstaains (normal stresses) measured in seleciatspo
and on selected elements of the steel shell steigtere much smaller than the ones computed for the
same load. The conclusions drawn from this reseeachbe helpful in determining the interaction be-
tween the steel shell and the backfill. Since thie of steel-soil structures are increasingly Widesed
in Poland and in the world, the conclusions caediended to a whole class of similar bridge designs

Keywords:backfilling, corrugated plate, field static testsad bridge, steel shell, backfill layer

1. Introduction

Flexible box, arch, circular, elliptical, arch-aitar or pear-shaped structures made
from Super CoyMultiplate, Turvosider Voest(Alpind) andVario-Seccorrugated steel
plates [1, 2, 3] and founded on reinforced conctet#inuous footings or on a sand or
concrete mat laid on the ground [4] are highly ahlg as small and medium-sized
bridges (particularly road bridges) in situatiorisen the latter are to be built in a rela-
tively short time.

The results of the first in Poland static load 4est the road bridge made from
Multiplate corrugated steel plates which spans the Plawreai@tin Stary Waliszéw
carried out after about four years of its servieeraported in [5].

In this paper, the tests carried out during thedtstages of construction of a sin-
gle-span road bridge over the Bystrzyca DusznickarRat the 1+470 km of the Po-
lanica—Szczytna Zdrgj district road 45117 in PalanZdréj are described. The bridge
has a flexible superstructure made fr@@-54B Super Cocorrugated steel plates
which interacts with the surrounding backfill. Higgnsile bolts joined the plates to-
gether. The bridge is founded on reinforced corcsitip foundations in the ground.
The test results presented were verified by contiouis [6].

The various types of corrugated plates differ imoag others, the corrugation
depth, pitch and width and in their thickness. E&mmple, the plate thicknessitl-
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tiplate andSuper Cotis 3.10 mm and 7.10 mm, respectively.

The aim of the tests was to check the performaf¢leonew bridge structure un-
der different loads during the three stages ofatsstruction to verify the assumptions
made in the static analysis and computations anbenest load design [6—8] and to
determine the bridge’s actual load capacity andstiieconsolidation effect reducing
the impact on its steel shell structure. During theee main bridge construction
stages, i.e. soil compaction (stage |), bridgecttine without deck (stage Il) and com-
pleted bridge (stage lll), deflections (verticabmlacements) and strains were meas-
ured in selected points and cross sections in téel shell in the longitudinal and
transverse directions.

Those were the control and acceptance measuremsmifred by the relevant
bridge construction regulations [9-11]. Their ainaswalso to check whether the
bridge span and strip footings (supports) had ksidly built and to provide the
basis for a decision on putting in the bridge isgovice under a class B load (400 kN)
in accordance with PN-85/S-10030 and for any posttruction and service recom-
mendations. Mainly the actual stiffness of the wgated plates in the single-span
structure was estimated and the so-called matingalirying loads) width of the deck
plate and the transverse distribution of load anttegparticular ribs of the corrugated
plate were determined. The measurements were pertbin three cross sections
along the span length under loads symmetrical apchanetrical relative to the span’s
longitudinal axis (three static load schemes &ndl 111).

Considering the fact that the bridge is locatechonmportant road in the Ktodzko
Valley tourist area (and therefore heavily loadad)l that few steel-soil bridges with
this kind of (prototype) span design and quite dagffective spans are built in Poland
or Europe (in 2001 it was the first and the londe&dge of this type in Europe), the
initial routine range of acceptance tests on aderidnder a static load was extended
by including, among others, tests under a badkfdt, a dynamic load and a service
load [6-8, 12, 13].

The conclusions drawn from the tests and the @etailisplacement and strain
analyses can be most helpful in bridge engineepiagtice [14], particularly in in-
spections and acceptance tests of steel-soil noddadlway bridges made from corru-
gated or flat plates [1-8, 12—19]. It should beeddtere that neither a universal com-
putation method which would allow one to detaiktkind of shell structures in a sim-
ple way [17-19] nor proper acceptance requirembate been developed so far.
Hence this research may significantly contributéheodrawing up of such regulations.

2. Description of bridge

A previous bridge was damaged by the great flooduly 1997 — one of the
bridgeheads was washed out and a part of the dipaimte the river. Subsequently
a detour (for cars only) was set up. In 2001, plaee made to rebuild the bridge using
a flexible shell structure made frd8uper Corsteel zinc coated corrugated plates.
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In the longitudinal section, the road bridge testedstitutes a restrained static sin-
gle-spanstructure of thebox culverttype — according tétlantic Industries Limited
(Canada) [6], having an effective splrequal to 12.270 m (Figure 1). In the cross
section, the load-carrying structure is made freih £ 380 mm steel corrugated plates
of 7.10 mm thickness. The SB 8.8 class high termlés M20 joined the plates to-
gether along the span width and length, using atitvyg moment of 350—-400 Nm [4,
18]. The steel shell structure of span was supgdmemeans of steel uneven-armed
channel sections, on two reinforced concrete $trimdations made from B30 grade
concrete, placed betweéarssenplate pile walls and braced (stiffened) at the ©p
its circumference the bridge was finished with 8@@5x0.95 m reinforced concrete
collars to increase the span transverse rigidity @nsecure the embankment slopes
and the slope cut-offs, faced with natural stoneded with cement-lime mortar, on
the two sides at 1:1.5.

Structural steel of the strength correspondindnéd of Polish steel St3M (the yield
point of the steel used to manufact@aper Corcorrugated plates is in the range of
275-380 MPa [6, 8]) was used for the shell strectur

The steel corrugated plates on both sides weredoaith 85um thick layer of
zinc. In addition, a 20Qim thick coating of epoxy paint was applied to tlueo parts
of the inlet and outlet up to a height of 1.50 m.

The shell structure was reinforced with additioc@lrugated plates spaced at every
380 mm in three places, i.e. in the crown and éntitAunches (at the strip foundations)
on the soil side on both sides of the bridge, tdoanthe superstructure with greater
longitudinal and lateral stiffness since the comafiohs and analyses made by the
manufacturer (Atlantic Industries Limited) indicdtthat the largest bending moments
and axial forces, and so the largest normal stsesseurred in the above-mentioned
cross sections. The load-bearing structure of s@ndesigned as a flexible shell con-
sisting of steel corrugated plates filled up witB@-0.30 m thick course of permeable
soil with 10—-32 mm grading, compacted o= 0.95 (on the Proctor scale) for the soil
being in direct contact with the steel shell andige 0.98 for the other backfill
whereby a pavement could be laid on a broken stobgrade. The soil which sur-
rounds the shell carries a large share (about e load through the so-called
arching while the rest of the load is carried bg #hell structure [4]. The overall
height of theSuper Corplate corrugation idh =140 mm. The structure width is
b, = 13.60 m at the top arg = 20.60 m at the bottom and its clear height,is 3.85
m. In plan, the bridge is situated at a skevaref 6 relative to the river current. This
had to be considered when positioning the test ¢mathe bridge (Figure 1d).

The bridge has two culverts made frgmy 1000 mnPecorpipes to carry and dis-
charge the increased flow of water during spriregh or freshets, which constitute
the main points of water thrust during a disastieer( the backfill around and above
the shell is allowed to be destroyed to preventatgeio the steel shell). The shell was
secured in the strip foundations by means of a h30gh reinforced concrete flange
(Figure 1). The bridge had two sidewalks, each Trb@wide, on both sides of the
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roadway and typical SP-06 barriers. Two gabiongating the flow of water through
the bridge to protect the supports (the strip fatioths) and the embankment cones
against washing, were provided at the bridge eogramd exit [6].

a) LONGITUDINAL SECTION SIDE VIEW FROM TAILWATER b)
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Fig. 1. Road bridge in Polanica Zdr6j made frSoper Coisteel plates: a) longitudinal section,
b) tailwater side view, c) cross section and d)viggv on load schemes
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The span structure of the bridge was assembled fava as 9 days by only seven
workers and one low-capacity lift. All the work waspervised by the investor and the
steel structure supplier [6].

3. Range of the tests carried out on the bridge

The strains and displacements of the steel she# weeasured twice during back-
filing and compaction (stage 1) for selected qgshnd and broken stone) layers as
shown in Figure 2. Two trucks (a Jelcz Steyer anthz 5511) were used for the trial
static and dynamic loading of the finished bridgeage Ill) and for the measurements
performed during its construction, i.e. when thieldpe was still without its base road
foundation (stage 1), to produce effort in selécf@aces and elements of the shell
structure. The total weight of the two trucks anmtedrto over 500 kN. Each time the
vehicles with possibly the heaviest axle loads warepositioned in the lateral and
longitudinal directions of span as to produce maxindeflections and strains in the
tested sections of the span. The vehicles weragethsymmetrically and asymmetri-
cally in the span cross section to distribute tfiereamong the particular ribs of the
corrugated plates. Also the ratio of test loada@ff¢o design load effects (i.e. for class
B load in accordance with PN-85/S-10030) was ddtech The ratio of test-load
span bending moments to bending moments produceddwng service loads was
70-75%. This magnitude of the load was considesduketreliable in the light of the
relevant Polish bridge standards [10, 11].

Fig. 2. Headwater side view of assembled steel stracture before backfilling (test stage 1)

During the tests not only the types of the vehidlas also their axle loads were
changed from the ones originally assumed in theloesl scheme [6, 7 and 8]. The
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reason was that the vehicles’ load was found teecaheir maximum authorized
overload. The weighed front and rear axle loadettugy considerably exceeded the
total weight of truck (including the load). Therefothe load surpluses were
distributed proportionally to the vehicles’ catalegload capacities. The axle loads of
the trucks used in test stages Il and Il are givemable 1. The weighed axle loads
and the loads calculated (using relevant catalggtresn the distribution of load
capacity per axles are shown in the top and bottmws, respectively. Since during
the tests the rear axles (with larger loads) wergtipned in the critical sections of
span, the actual weighed axle loads were useckicdmputations to ensure a proper
margin of safety for the structure. Because ofasgd differences between the weights
of the delivered trucks and the test load prograights the expected static quantities
(normal stress and displacement) had to be reedéziil[6]. But the overloaded
vehicles could be used to produce much strongeardimeffects [12].

Table 1. Ballasting trucks’ axle and wheel loads][ki\test stages Il and Il

Test Mark Truck Total Axle loads Wheel loads

stages of truck number | weight Rear Front Rear Front

Jelcz Styer 1 284.00 235 =2x117.50 49.00 58.75 22.50

" (DKLL 997) ’ 207 = 2x103.50 77.00 51.75 37.00

Kamaz 5511 5 233.00 192 = 2x96.00 41.00 48.00 20.00

(WYB 3750) ) 169 = 2x84.50 64.00 42.25 32.00

Jelcz Styer 1 279.00 234 =2x117.00 45.00 58.50 22.50

" (DKLL 997) ) 205 = 2x102.50 74.00 51.25 37.00

Kamaz 5511 5 221.00 181 = 2x90.50 40.00 45,25 20.00

(WYB 3750) ) 159 = 2x79.50 62.00 39.75 31.00

The tests during stages Il and Il were to be edrout in the full range of static
loads and they were to include measurements ofadisments and strains (indirectly
normal stresses) at selected points in severalogscbf the structure. Since in this
kind of structure possible settlement of the stopndations had already taken place
and considering the fact that bedrock was beneatma deviations or irregularities in
the foundations’ behaviour or work had been obgkpor to the bridge tests, strip
foundation settlement was not continuously recortlestead it was checked by means
of a precision surveyor’s level.

As originally planned, three load schemes (Fig€s), i.e. an asymmetrical load
scheme (scheme I: both trucks positioned at onle caorthe tailwater side) and two
symmetrical load schemes (scheme II: the two trymstioned in such a way that
their longitudinal axes coincided with the longinal axis of the bridge and their
rears touched at half of the effective span ofd®i¢in the crown) and scheme llI: the
trucks positioned on both sides of the longituderek of bridge so that their rear ax-
les were situated at half the bridge’s effectivargp The finished bridge put into ser-
vice is shown in Figure 6.
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Fig. 3. Top view of bridge during tests under load Fig. 4. View of bridge during tests under load
scheme Il in test stage | scheme Il in test stage I

Fig. 5. View of bridge during tests under load Fig. 6. Headwater side view of steel road bridge
scheme Ill in test stage IlI made fromSuper Corcorrugated plates located in
Polanica Zdrgj

Two measuring systems were used to measure stnaihgertical (deflections) and
horizontal displacements. Each system consistethree basic components: meas-
urements, control measurements and recording oltses

For each scheme of loading the bridge superstrithé following quantities were
to be measured:

« strains (indirectly normal stresses) during theeadsdy of the steel shell (during
the compaction of the soil layers) — stage |,

« horizontal and vertical (deflections) displaceméntthe particular span sections
(in the middle and at the end of the crown reirdanent of shell and in the bridge
haunch) in two test stages: without bridge roachffation — stage Il and after bridge
completion (the test loading proper) — stage lll,
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« strains in the selected sections of the corrugptas (in the crown, at the end
of the shell reinforcement and in the shell hauriohvo test stages: without bridge
road foundation — stage 1l and after bridge connhet stage I,

« strip foundation settlement during the tests,

« the effect of dynamic interactions on the displagetr(deflection) of the corru-
gated plates and on the strains in the selectagtspand cross sections of the bridge
span,

* pressures in the ground.

Strains (indirectly normal stresses) were meashyeelectric resistance wire strain
gauges which were stuck on at fixed points (thdaser had been prepared by its
grinding and cleaning with acetone or spirit). Aggmiately aged (for better stability)
RL 20/120 gauges (made by Tenmex in £,ddoland) were used. Their measurement
base was 20 mm, the resistafte 120.6Q + 0.2Q and the constahki= 2.15+ 0.5%.

Seven dial gauges were used to measure the vetiipdhcements (deflections) of
the load-carrying structure in stage Il and eigitluction gauges WT50S with a read-
ing accuracy of 1xI8m, connected by cables to a Hottinger UPM-60 laridgd to
a six-channel instrumentation amplifier KWS673.A@mh which the output voltage
signal was directed simultaneously to the inpabhefmultipoint UPM-60 measuring de-
vice and to the inputs of an eight-channel fastnagr 330-P/8, were used in stage |Il.

Two Glbetzl hydraulic sensors (earth pressure efifaced in the ground at
a depth of 1.00 m from the road surface in the teidd the roadway and at its edge
on the headwater side at a distance of about 0.5@mthe steel shell, were used to
measure pressure in the ground.

Prior to the tests the measuring circuits in tteoréing instruments had been cali-
brated for a fixed displacement value, e.g. 30 fne first indications (zero readings)
had been obtained before the load was broughttbetspan. After the ballasting load
was brought onto the span further readings werentdkom all the instruments at
every 10 minutes for at least 30 minutes and aftdvading until the readings stabi-
lized. If the difference between two consecutivediergs was larger than 2%, the load
had to remain on the span until the difference belsw 2% [10, 11, 20, 21]. And
similarly, readings were taken after unloadinggpan, i.e. at every 10 minutes for 20
minutes. At least three such readings were takba.differences between the last in-
dications of the dial (or induction) gauges and &hectric resistance wire strain
gauges after unloading and the initial readingsesgnted the permanent deflections
(strains) and the differences between the totded&bns (strains) and the permanent
ones constituted the elastic deflections (strains).

The condition of the shell span structure and tfiggle supports was checked be-
fore, during and after the test static and dyndoading [10, 11]. The main measuring
setup was located in one of the culverts to prdatdedm rain [6, 7, 8]. All the meas-
uring instruments and the auxiliary equipment weeamsported to the test site and
stored in a delivery van. The whole setup was reimatontrolled (direct manual con-
trol was also possible) from one measuring position
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4. Assessment of measurement accuracy

Probable measuring err@; for strains in the steel shell structure for therst
measuring setup was calculated from the approxifoateula:

5, =02 +062 +02 +02 =\/0.015 +0.015 + 0022 +0.025 =+ 384%, (1)

where:

01 = 1.5% — a strain gauge error,

0, = 1.5% — a channel selector compensating unit,erro

03 = 2.0% — an instrumentation amplifier error,

0, = 2.5% — a steel elasticity modulus error.

The probable measuring error for displacementlerselected sections of the steel
corrugated-plate shell structure at the best sefuppnverters and measuring instru-
ments was calculated from the approximate formula:

5, =02 +02 +02 +02 =\/0.015 + 00T + 002 + 001 =+ 287%, )

where:
0s = 1.5% — a displacement converter error,
Js = 1.0% — a channel selector scale unit error,
0; = 2.0% — an instrumentation amplifier (bridge)oesr
Jg = 1.0% — a calibration error.

5. Measurements of strains and vertical displacemés
5.1. General

A peculiarity of flexible bridge structures maderir steel corrugated plates is that
the backfill around the shell participates in cargythe live load originating from the
soil layers (stage I) and from the wheels of thiicles crossing the bridge (stages Il
and llI). If the surrounding soil is to fully matirwith the steel shell in carrying a sub-
stantial part of the load, the layers of it sholoddproperly laid down around the shell
and skilfully and carefully (so that the allowalsigess in the plate metal is not ex-
ceeded) compacted to a proper degree, e.g. inafee aonsiderel}, was respectively
0.95 and 0.98 on the Proctor scale. Soil is usuaiypacted using mechanical com-
pactors whose action and the dead weight of thelaérs significantly affect the
state of stress (strains) and the stability ofdtel shell structure. If the permissible
stresses in the shell are not to be exceeded thsy Ime continuously monitored, e.g.
through the measurement of strains. In order toagebmprehensive picture of the
state of stress in the shell structure in the ckffe stages of bridge construction,
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strains and vertical displacements were measuredigdthe assembly of the steel
shell and during the compaction of the particulait layers around it (stage 1), after
several road base layers and a 0.05 m thick agplaltcrete layers were laid (stage
II) and when the completed bridge was subjectatiedest static load (stage lll). The
initial, maximum and final readings for all the rseaing points used in the analysis
are given in tables in [6].

The calculations results obtained differed considigrfrom the experimental ones
due to the fact that it is extremely difficult tpexify the interaction between the steel
shell structure and the backfill [6] in the compigtimodel.

The influence lines of the transverse distributiddioad among the individual cor-
rugated plates were used to calculate the expecathkas of the deflection§ the
strainse and the normal stresses

The determination of the extent to which the sl structure mating with the
surrounding backfill in carrying loads and the popnodelling of the interface be-
tween the corrugated plate structure and the sedegmted major difficulties in the
analyses. Computations were performed for the hpstions and loads of the bal-
lasting vehicles’ axles. The ordinates of the ieflce lines under the axles were read
directly from computer printouts to avoid needlassl extremely laborious (and also
less precise) interpolation of the ordinates. TiddR Millennium computer program
was used to verify the computations for the samsirailar assumptions and the val-
ues obtained were close to the ones computed b@dbmos/M program [22, 23].

5.2. Results obtained in the test stage |

* Strains. The diagrams of the maximum strains measured &etbross sections
along the length of the steel shell, i.e. in thewer, at the end of the crown reinforce-
ment and in the haunch, during the compaction bfasound this structure are shown
in Figure 7. The measurements were performed twider two different layers of
compacted soail, i.e. for sand (layer 6) and brokeme (layer 12 from the natural
ground). In all, 18 layers (alternately sand armkbn stone) were used in backfilling.

* Vertical displacements.Since it was impossible to erect scaffolding in tagid
current of the mountain river (the tests were cahelli after heavy rains) neither verti-
cal nor horizontal displacements of the selectedlsthell points during the compac-
tion of the selected soil layers could be recordenthermore, the shell would deform
quite considerably in all directions whereby propecording of the actual displace-
ments was rather impracticable, all the more ber#us construction work was being
carried out on this structure.

5.3. Results obtained in the test stage Il

* Strains. The variations of strains with time at selectednpopf the bridge shell
structure for three load schemes recorded durimgtoaction stage 1l (without road-
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way layers) are given in paper [6]. The traces akimum strains in the transverse di-
rection of span at the selected points of the sirador the three cross sections tested,
i.e. respectively in the shell crown, at the endhaf crown reinforcement and in the
shell haunch for static load schemes I, Il ancitd shown in Figure 8.

A c B
14?\r\I\;72\l\l\l:lidv‘ll\l\*‘?\I\I\Lg\r\r\lllLQr\r\mr\’\r\mhnl\lmhl\Nn\
R R ARR AR AR AR AR AR R AR
PUAREP 2 % PURRES X X 2
o[6 1o B
=

r-r-r—-—rr——-—>->-""""""""""""""""¥"¥"¥"¥"”"¥"”"”?"?”/-’-"¥"¥"¥"¥‘"‘*"7‘#¥"/7¥/—/—V¥/"¥°”7/-7 -
4 —_—l

KIND AND NUMBER
OF BACKFILL LAYERS:

1-SAND
(layer 6)

In structure's crown

v - strain gauges:
Measured values:

Bottom of corrugations
(no. 2, 4, 6,8, 10)
=—=— Top of corrugations
(no.1,3,5,7,9)

== On reinforcement of shell's
crown (no. 2', 6', 10)

210
-190
2!

o
& Atreinforcement end

Ordinates of strains ¢ are given in [10-6]

In haunch

-300
60

~
2 - BROKEN S g
STONE ? v Instructure's crown
(layer 12)
an S
2N \/ g\ &
@ y v
ZANCE N
8 N @\
? NN 3
<\ o
=] ° =3
< 9? N S At reinforcement end

In haunch

Fig. 7. Maximum strains in selected points of shretransverse
direction during compaction of backfill layersstage |



64 D. BEBEN, Z. MANKO

* Vertical displacements.The variations of vertical displacements with tiatehe
selected points of the shell structure are givef6jnThe traces of maximum vertical
displacements in the transverse direction of spandad schemes |, Il and Il re-
corded during test stage Il are shown in Figure 8a.

* Pressures in ground.The pressures in the ground measured by earthupeess
cells located very close to the steel shell werglewted in the analysis since the
readings were not accurate enough and sometimesadings were obtained — proba-
bly the cables connecting the gauges with the nmiesapparatus were damaged by
too fast compaction of individual backfill layer®se to the earth pressure cells by the
different contractors or through the use of soihof always proper grading (e.g. large
stones or boulders dredged from the river).

5.4. Results obtained in the test stage llI

* Strains. The variations of strains with time at the partcupoints for the
particular cross sections (elements) of shell avergin paper [6]. The traces of
maximum strains in the transverse direction of spiathe selected points of the shell
for the two cross sections tested, i.e. in the orand at the end of the crown rein-
forcement, for test static load scheme |, Il ahdtést stage 1ll) are shown in Figure 9.

* Vertical displacements.In order to carry out a comprehensive analysishef t
test static load measurements, the traces of thiealedisplacements with time of the
points of steel shell in the particular cross sewialong the bridge length were pre-
sented in detail in paper [6]. The traces of maximidisplacements in the transverse
direction of span for load schemes I, Il and llirevpresented in Figure 9b.

5.5. Standard conditions for evaluation of test rasts

In order to obtain a passing grade for a bridgecsire on the basis of the results
of tests carried out at different stages of itsstruction and finally under the test load
in accordance with the bridge code for typical Iskerlges [9-11], the following con-
ditions must be fulfilled:

a) the computed and measured displacements and sifdiridge shell are similar,

b) the tests did not cause any damage to the striicturgonents or their joints,

c) the steel shell structure deformed elastically initihe allowable displacement
range under loads close to the standard loadshendigplacements did not exceed the
calculated ones,

d) the permanent deflections (vertical displacemenit$e load-carrying structure
amounted to less than 25% of the elastic deflestion

It should be noted here that guidelines or reguatifor structures of this type do
not yet exist in Poland whereby the contractorsrottave problems with the accep-
tance of such bridges by the bridge administration.
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6. Analysis of test results
6.1. Normal stresses measured in corrugated plates

The strains measured in the three stages of tetstingteel shell structure of bridge
were used to compute the normal stresses showalited 2 and 3. During static load
test stages Il and 1l also the vertical displacetaddeflections) at the selected points
and in the specified cross sections of the steasl structure were measured (Table 4).

* Test stage I.The largest normal stresses — about 240 MPa —eirstidel shell
structure during the compaction of soil layers.(layers 6 (sand) and 12 (broken
stone)) occurred in its crown (on the top edgeshef corrugations). During the
compaction of sand layer 6 the maximum stressawded in the crown in the same
cross section amounted to 130 MPa and they wereeotrated in the bottom edges of
the corrugations. In the next cross section consijei.e. at the end of the crown
reinforcement, the largest normal concentratiorabeut 225 MPa — occurred in the
corrugations’ top edges during the compaction afidayer 6. During the compaction
of broken stone layer 12 around the steel shellatgest stresses — about 185 MPa —
occurred on the top edges of the structure reiefoemt (the additional reinforcing
corrugated plate). In the structure haunch (at ghell-strip foundation joint), the
maximum strains were measured in the corrugatidisttom edges during the
compaction of broken stone layer 6 and the norrtrasses computed on this basis
amounted to about 200 MPa. During the compacticsaaofl layer 6 the largest strains,
and so the largest normal stresses — 160 MPa, ieeoeded in the corrugations’ top
edges (Figure 7).

* Test stage Il. The largest normal stresses in the steel shelttsiel were ob-
tained from the measurements of strains in the d¢tguine. at the strip foundation,
during construction stage Il (cross section Ill}-ind they were as follows (Figure
8b):

a) load scheme | (two trucks positioned at the roadwanp) — 27 MPa on the
corrugations’ top edges between the vehicles’ vdeel

b) load scheme Il (two trucks positioned in the midolfiehe effective span (in the
longitudinal direction) and in the middle of thedmye roadway (facing a transverse di-
rection of the bridge) — nearly 37 MPa at the batedge of the corrugations towards
the acute angle of the span skew,

¢) load scheme Il (two trucks positioned parallekth other at half of the effec-
tive span in such a way that the span longitudine was between the two rear axles of
vehicles taking into account the fact that the deids situated at a rather large skew in
plan) — about 25 MPa on the corrugation bottom sthgéween the two trucks’ wheels.

Slightly smaller strains (and thus normal stresse=e recorded in the cross sec-
tion situated at the level of the end of the shedwn (cross sections Il-1l) and they
were as follows (Figure 8b):



68 D. BEBEN, Z. MANKO

a) load scheme | — 27 MPa in the corrugations’ topesdgjmost in the middle of
the roadway width,

b) load scheme Il — nearly 35 MPa concentrated irctteugations’ bottom edges
between the vehicles’ wheels,

c) load scheme Il — about 12 MPa in the corrugatidop’ edges under the vehi-
cles’ wheels.

In the first cross section tested, i.e. in the araf a steel shell structure (cross
section I-1), the largest normal stresses compatethe basis of the strains measured
were as follows (Figure 8a):

a) load scheme | — 27 MPa in the corrugations’ topesdgnder ballasting trucks’
wheels,

b) load scheme Il — about 10 MPa both in the corrogatibottom and top edges
under the trucks’ outside wheaels,

¢) load scheme lll — 20 MPa in the corrugations’ tayes directly under the
trucks’ wheels.

Table 2. Maximum normal stresses [MPa] in steell siitained from measurements in test stage |

Analyzed cross section at span shell level
Gauge Crown Reinforcement Shell haunch Crown Reinforcenent Shell haunch
number end end
Sand (layer 6) Broken stone (layer 12)
1 66 139 - 168 139 -
2 111 86 - 109 68 -
2 - 43 - - 33 -
3 92 - - 240 - -
4 96 - - 238 - -
5 84 220 146 61 185 200
6 130 94 160 125 70 121
6’ - 39 - - 37 -
7 100 - - 61 - -
8 64 - - 64 - -
9 39 a7 55 12 59 66
10 47 14 135 41 4 144
10’ — 12 - - 4 -

' — gauge located on top edge of reinforcing sheet.

* Test stage lll. The largest normal stresses in the steel shelttsie, based on
the strains measured during the test loading ofbifigge (test stage Ill) with two
trucks, occurred at the end of the crown reinforeeirof shell (cross section II-II)
and they were as follows (Figure 9b):

a) load scheme | — about 20 MPa concentrated in theigations’ top edges in the
middle of the roadway width,

b) load scheme Il — nearly 38 MPa in the corrugatiaog’edges (on the reinforce-
ment) towards the span skew,
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¢)load scheme Ill — about 30 MPa localized in thewgations’ bottom edges to-
wards the span skew.

Table 3. Maximum normal stresses [MPa] in shelldtrre obtained
from measurements in test stages Il and llI

Cross section of shell in test stage Il Cross sediahell in test stage
Load | Gauge Reinforcenent  Shell's Reinfarcemen Shell
schemes number| Crown Crown
end haunch end haunch
1 8 2 - 4 8 -
2 6 4 - 4 4 -
2 — 2 - - 4 -
3 6 — — 12 — —
4 12 — — 4 - —
5 27 19 27 d 10 d
| 6 6 16 19 2 4 d
6’ — 4 - - 16 -
7 12 — — 14 — —
8 8 — — 2 - —
9 8 6 10 19 4 d
10 12 27 19 6 19 d
10’ - 14 - 2 -
1 2 2 — 6 8 —
2 8 0 - 8 8 —
2 — 2 - — 0 -
3 2 - — 8 - -
4 4 - — 29 — —
5 2 4 6 d 35 d
Il 6 8 2 37 6 15 d
6’ — 4 — — 39 —
7 2 - — 15 - -
8 8 — — 16 — —
9 8 0 31 10 10 d
10 2 35 16 4 21 d
10’ - 12 — - 6 -
1 4 0 - 0 2 -
2 2 0 — 2 0 —
2 — 2 — — 2 —
3 2 — — 2 - —
4 10 — — 4 - -
5 19 8 10 4 31 d
1l 6 10 8 16 16 0 d
6’ — 4 — — 16 —
7 12 — — 6 - —
8 6 - — 6 - -
9 19 10 25 16 4 d
10 6 2 12 12 2 d
10’ - 12 - - 4 —

d — damaged gauge, ' — gauge located on top edgenddrcing sheet.
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For the crown of steel shell structure (cross sacti-l) the following normal
stresses were obtained (Figure 9a):

a) load scheme | — about 20 MPa concentrated in theigations’ top edges in the
middle of the roadway width,

b) load scheme Il — nearly 30 MPa in the corrugatidog’edges towards the span
skew,

¢) load scheme Ill — about 17 MPa in both the top bodom edges of the cor-
rugations towards the span skew.

In cross section llI-lll, the strain gauges werendged (probably while backfilling
and compacting the soil around the steel shelheir operation did not guarantee
correct readings and so this cross section wagg@as&r in the analysis.

On the whole, the strains (normal stresses) asetexted points of the shell, simi-
larly as the deflections (vertical displacements)he steel shell, would return to the
original position during both test stage Il and tast loading (test stage Ill). The re-
sults obtained were traced through the differeages$ of construction of the bridge
shell structure. The behaviour of the shell striecin all the test stages did not raise
any suspicions. Only the soil stabilization (dissiag) was rather slow and after the
unloading of the span the gauges took a rather tong to return to their original
readings which might raise some suspicion, paditylin comparison with the be-
haviour of gauges in the case of conventional steebncrete spans [6, 7, 8].

Similar observations can be made if one analyseshe basis of the diagrams of
the strainse and the vertical displacemeritshown in Figures 7-9, the distributions of
strain (normal stress) in several cross sectiorth@fteel shell structure, their linear
distributions in the cross sections of the corrioyest, the interaction between the par-
ticular corrugated plates and the interaction betwihe steel shell and the surround-
ing backfill.

A comparison of the results presented in the stéagrams (Figures 7—9) shows
that the maximal normal stress values obtainedherbasis of the strain measurements
for the same ballasting loads were the biggeshatctown (cross section |-I). There
were no significant differences between the ingiadl final readings or the differences
were so slight that they stayed within the exterstemreading accuracy limits of
bridge [22].

6.2. Vertical displacements

* General observations.An analysis of the displacement values measureall in
the selected points and cross sections of the skesl made fronSuper Corcorru-
gated plates showed the elastic character in esvasg for all the three static load
schemes [22].

The quite large differences between the initial &ndl readings (permanent dis-
placements) were not roughly identical in all tlimsidered points and cross sections
for the three load schemes and the steel loaddggatructure took much longer to
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distress in comparison with conventional steelamccete bridges. This may indicate
that the differences were to some degree due tetimlization of soil (backfill) lay-
ers, the possible settlement of the strip foundatiand small reading errors of the
measuring devices and to a large degree due tpdhmanent deformations of the
load-carrying structure of shell interacting witietground because corrugated plates
joined together by high-tensile bolts (and so fowgna flexible structure) should not
show substantial permanent deformations. But cenisig the fact that the reinforced
concrete strip foundations (supports) and the stwelt system were quite new (not
subjected to such a considerable load before) ookl @xpect that they would settle
somewhat when first time subjected to a relativedavy service load (over 500 kN)
close to the standard load, and probably adjustrhetween some of its structural
members, particularly between the corrugated plates between the shell structure
and the backfill around it, took place.

* Results obtained in test stage IIThe largest vertical displacements of the shell
structure (the corrugated-plate load-carrying $tmgcof the bridge, Figure 8a and Ta-
ble 4) during test stage Il were registered undad Ischeme I, i.e. for two trucks po-
sitioned parallel to each other in the middle & éffective span in such a way that the
longitudinal axis of span was between the two sedes of vehicles (it should also be
noted that the bridge is situated at a rather lakgsv). The maximum displacements
were 4.02x10° m and they occurred directly under the trucks’ ebeAlso under
load scheme I, when the two trucks were positiaziegle to the curbs, the largest dis-
placements of load-carrying structure amounted4t>8.0° m and they also occurred
under the ballasting vehicles’ wheels. Under logtesme I, when the two trucks were
positioned in the middle of the effective spantfia bridge longitudinal direction) and
in the middle of the roadway (if one faces the rtrathsverse direction), the deflec-
tions amounted to 3.06xI0m and they also were concentrated under the hiatigs
vehicles’ wheels.

* Results obtained in test stage 1lIThe largest vertical displacements of the shell
structure (the corrugated-plate load-carrying $tm&) during test stage Il were reg-
istered under load scheme Il (Figure 9a and Tahleet when the two ballasting ve-
hicles were positioned in the middle of the effeetspan (in the longitudinal direc-
tion) and in the middle of the roadway (if one fdabe bridge transverse direction).
They amounted to 2.50x10m and were concentrated in the direction of theean-
gle of the spans skew. Under load scheme | thesamdjsplacements of the load-car-
rying structure were 2.30xIdm and they occurred directly under the ballastiekyi-
cles’ wheels. Under load scheme lll, i.e. whentthe trucks were positioned in the
middle of the effective span parallel to each otherthat the span longitudinal axis
was between the vehicles’ two rear axles (it shalswh be noted that the bridge in
plan is situated at a large skew), the maximumlaésments amounted to 2.41%10
m and also occurred under the vehicles’ wheels.
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Table 4. Maximum vertical displacements T161] in selected points of steel
shell structure obtained from measurements instagies Il and 1lI

Load schemes
Gauge
number [ [ [ [ [ 1 [
Test stage |l Test stage llI

11 1.55 0.45 0.84 0.41 1.00 0.62
12 2.51 0.79 1.53 0.70 1.75 0.95
13 3.41 1.28 2.72 1.27 2.50 1.61
14 3.41 2.62 4.02 2.30 2.31 2.06
15 2.27 3.06 3.60 1.05 0.43 2.41
16 0.77 1.89 3.12 1.16 0.61 2.37
17 0.22 0.44 0.77 0.72 0.33 1.68
18 - - - 0.69 0.46 0.81

7. Conclusions

As a result of measurements carried out on the boigge in Polanica Zdroj (dur-
ing the construction of the shell and backfillingdaunder the main test static load) the
vertical displacements (deflections) of the loadygag structure and the strains (indi-
rectly the normal stresses) in the selected p@intkcross sections of the span were
determined. Taking into account the practical eigpere gained from the tests con-
ducted using a static or dynamic load on othertiegjdridges made frorBuper Cor
or Multiplate corrugated plates, e.g. in Szczytna Zdréj [7]Giman (Sweden) [1, 14,
16], in Stary Waliszéw [5], in PozheRubiez [4] and in Trzebaw [3], and on natural-
scale test stands [24, 25], the observations ob#ieviour of the shell structure in
this type of bridge during the tests and a comprsive analysis of the measurement
results, the following general and specific conidaos about the actual behaviour of
the bridge can be drawn:

1. The performance of the bridge (the soil-shell aystaind the strip foundations)
under the backfill load (stage 1) and the statadi® (stages Il and Ill) did not give rise
to reservations. The strain and displacement vabl¢ained were very small and it
was clear evidence of much greater stiffness okfia shell than the one assumed in
the static analysis in which such a degree of autitsn between the steel shell struc-
ture and the surrounding backfill was not fores@ables 2, 3 and 4) [6, 22].

2. The measured deflections of the steel load-cagrginucture made from corru-
gated plates joined together only by high-tensiksband the strains measured on the
lower and top corrugations and on the additionmifoecing plates subjected to a load
in the form of, among others, backfill during tetige | and the set of two trucks with
a total weight of over 50 Mg during test stageritldll had practically elastic charac-
ter. The rather large differences between theaindéthd final readings (permanent dis-
placements and strains) were not roughly identitalll the cross sections under the
three load schemes and the steel load-carryingtateitook much longer to distress
in comparison with conventional steel or concreiddes. This may indicate that the
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differences were rather due to small reading emadserrors of the measuring devices
(changes in temperature and air humidity duringni@asurements) or due to the set-
tling of the strip foundations and only to a sliglegree due to the permanent dis-
placements and strains of the load-carrying strecitgelf — most probably due to the
uneven contact between the corrugated plates ansittip foundations since the cor-
rugated plates joined together by high-tensilesbshiould not show substantial per-
manent displacements.

3. The differences can be attributed to good matigigvben the steel shell and the
ground and the road surface and to the fact thiberastiff road structure contributes
to the distribution of the large concentrated lea@r a much larger area extending
beyond the perimeter of the shell structure andntie@suring area covered with the
gauges. As a result the strains originating diyeftdm the vehicles’ wheels acting on
the shell were reduced. In addition, the flexigilitf the steel shell structure favoura-
bly affected the carrying of service loads and leaching manifested itself in the
ground.

4. The permanent displacements (amounting to less 28a of the total deflec-
tions) measured in the particular points and csessions of the steel shell structure in
the bridge tested differed from each other onlghdly and they were not proportional
to the elastic deflections. The line of transveaisetic deflections in the shell structure
under the field loads obtained from the measuresnkadt curvilinear character (bro-
ken curve).

5. The sharp bends in the deflection and strain dragrin the cross section of the
bridge (Figures 8 and 9) can be caused by bentediigh-tensile bolted joints be-
tween the corrugated plates or deformations ofstieel shell under the ballasting
trucks’ wheel loads located in the central pantasfdway where stiffening reinforced
concrete collars were missing. They may also betaltiee fact that the displacements
(deflections) and strains of the corrugations weremeasured across the entire width
of the span cross section, but only at selectedtpaif its cross section (the top and
bottom of the corrugations) whereby the ordinatéshe corrugations’ deflections
cannot be directly connected in a curvilinear way.

6. The registered settlements of strip foundationgpgerts) were slight and they
were rather due to inaccuracy of readings or insgéntal errors or irregularities be-
tween the corrugated plates and the foundation.sEfiements were found to be so
slight and uncertain that their influence on thieeotdeflection or deformation values
was neglected, especially in view of the considerdbad capacity reserves in the
shell structure of the bridge. Since it was thstfirme that the strip foundations were
to be subjected to such a heavy static load, ondd awaturally expect some settle-
ment, especially buckling of the plates at thetjaiith the foundation.

7. The position of the neutral axis in the crossiseaestof the load-carrying struc-
ture (corrugated plates) and the strain valuesethat the steel structure interacts
closely with the surrounding backfill and the paesnlaid on the soil layers. This
interaction was the main factor that affected tregnitude of the displacements and
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strains obtained. The neutral axes of the crogtossoof steel shell structure are situ-
ated slightly higher than it can be expected baseithe strength computations [22].

8. The strains and vertical displacements measuretkteto decline with succes-
sive measurements (test stages). Their highestvalere obtained in test stage | un-
der the backfill load when the shell structureighly sensitive to external loads, and
the lowest values were recorded in stage Ill urad@roper static test load. This is
a clear evidence that consolidation and stabibratif the soil around the steel shell
structure take place and that the multilayer roadsteucture contributes to a signifi-
cant reduction in the shell effort — vertical deg@ments and strains (as a comparison
of stages Il and 11l shows).

9. During a close inspection of the bridge and itghkiensile bolted joints and dur-
ing supplementary and control measurements thgdnsidas found to be in good con-
dition, its performance under the large static (dydamic) service load did not raise
any suspicions and none of the structural elensrifered any damage.

10. To make complete the analysis of the state ofnstralisplacements and pres-
sures in the backfill around the steel shell stmgtsupplementary measurements, i.e.
of pressure distributions in the ground near thigcsure, are to be carried out in the
future. Maybe then it will become possible to detiee the causes of the inaccuracies
in pressure measurements during the principle testsages Il and 111

11.Having passed the backfill load test, the shells vexcepted for further
construction work, static and dynamic testing alishately normal class B load ser-
vice [6, 10].
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Badania mostu tukowego wykonanego ze stalowych blafalistych

Przedstawiono sposéb przetestowania nowego mostiowego wykonanego ze stalowych
blach falistych typuSuper Cori zaprezentowano wyniki otrzymane trzech etapaatiolvy.
W | etapie bada obchzenie stanowita zasypka gruntowa, a w Il i Il etapi dwa pojazdy
balastujce. Badany most o podatnej konstrukcji ,skrzynkdwesgt potazony nad rzek By-
strzya Duszniclk, w Polanicy Zdroju. Rozgtos¢ teoretyczna prsta nowego mostu wynosi
12,270 m, a jegéwiatto pionowe — 3,85 m. Pgglo stalowe jest posadowione na dwdaelh
betowych tawach fundamentowych. Maksymalne witpomierzonych przemieszazé od-
ksztatcé jednostkowych (nageen normalnych) w wybranych punktach i przekrojachoste]
konstrukcji powtoki bylty stosunkowo mate i wywolargm samym znanym ohgieniem.
Whioski z przeprowadzonych badanog by¢ przydatne w okréeniu wspotpracy powtoki
stalowej z gruntem zasypowym. W Polsce swéecie coraz cgciej stosuje i tego typu kon-
strukcje stalowo-gruntowe do budowy matyclirédnich mostéow potmnych w cigu linii
drogowych i kolejowych, dlatego wnioski z badprzeprowadzonych w trzech etapach bu-
dowy, mana uogoint na cad klas: podobnych rozwazan konstrukcyjnych.



ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING

Vol. V 2005 No. 4

Modelling the surfaces of grinding wheels
whose structure is zonally diversified

K. NADOLNY, B. BALASZ
Technical University of Koszalin, ul. Ractawicka 15-17, 75-620 Koszalin

This paper presents modelling the surfaces of grinding wheels whose structure is zonally diversified.
New grinding wheels were designed in order to conduct a single-pass internal grinding process. It is pos-
sible to obtain a final machining result in one pass of grinding tool due to the application of alundum
grains in rough grinding zone and microcrystalline aluminium oxide SG grains in finish grinding zone.
A characteristic of a single-pass axial internal cylindrical grinding is presented. The paper deals with
grinding tools of zonally diversified structure and the method of modelling their active surfaces. The
method presented enables us to model single abrasive grains of different kinds which can be used for de-
signing the model of active surface of grinding wheel. The model structure allows us to divide the tool
active surface into the zones and to diversify the grain type, shape, size and arrangement in each zone.
Additionally, this method makes it possible to modify the grinding wheel macrogeometry and to apply,
for instance, a conic chamfer.

Keywords: single-pass internal grinding, grinding wheels of zonally diversified structure, modelling of active surface
of grinding wheels

1. Introduction

In modern metal industry, the shortening of a machining time along with main-
taining high quality of machined surface is an urgent necessity. In internal grinding,
one of the ways to increase its efficiency is the one-pass process [5, 6]. Examination
of that process, which consists in modification of the structure of grinding wheels and
the shape of active surface, is conducted at Technical University of Koszalin.

One of the new methods which assists in investigation of machining process modi-
fications is computer modelling. It allows us to reduce the costs of designing new
tools due to multicriterion optimization and discarding an incorrect or not beneficial
conception without experimental investigations.

In the case under discussion, some significant modifications apply to the grinding
wheel, therefore the possibility of precise modelling an active surface of new tools is
very important. The model of zonally diversified structure of grinding wheels allows
a division of active surface into zones, modifications of grain type, shape and size in
each of zones, defining the porosity and macrogeometry of grinding wheel (conic
chamfer). The model was developed on the basis of real grinding wheels in order to
optimize their structure in such a way as to obtain the results and conditions of single-
pass axial internal cylindrical grinding.
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2. Single-pass axial internal cylindrical grinding process

Application of grinding wheel with conic chamfer to axial internal cylindrical
grinding process enables us to achieve a final result of machining in one pass. In such
a type of grinding wheel, rough grinding and finish grinding take place in two zones.
In the first zone, a substantial reduction of material takes place (the angle y of rough
grinding is matched to include all machining allowance), in the second zone, a suffi-
ciently high quality of grinding surface is assured [3, 4] (Figure 1).

a, — Working engagement
ng, — Grinding wheel rotational frequency
n, — Workpiece rotational frequency

v — Axial table feed speed
vy — Grinding wheel peripheral speed
v, — Workpiece peripheral speed

Fig. 1. Scheme of single-pass internal cylindrical grinding process with zonally
diversified structure of grinding wheel with conic chamfer

In axial cylindrical internal grinding process with grinding wheel whose conic zone
is fitted for rough grinding, the value of working engagement a, is not constant along
the width of a grinding wheel. Variations in effective working engagement a. .4 allow
separation of four areas of variable load of grinding wheel (see Figure 2). In the first
zone, an increase in load of grinding wheel occurs up to its constant value in the area
IL.

In zone II, the load value can be determined by the rate of material removal per
unit active width of grinding wheel defined as follows [5, 6]:

Qo= dy Ny Aeepy [mm3/mm‘ s]. (D)

In the zone III, a decrease in the load of grinding wheel analogous to its increase in
the area I occurs. However, in this zone also finish grinding as well as removal of
machining allowance take place. In the area IV, sparking out occurs, because theoreti-
cally the process of material removal does not take place. However, due to the fact
that elastic strain has been caused by grinding forces between the workpiece and spin-
dle of grinding tool, also in this section decrement of machining material may occur

[5].
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Fig. 2. Variable load areas of zonally diversified structure of grinding wheel
with conic chamfer in axial internal cylindrical grinding

In the first three zones (rough grinding), we aim first of all to remove a specified
layer of material from a workpiece. In the zone IV (finishing grinding and sparking
out), our main aim is to generate very high quality of surface and to minimize round-
ness deviation by multiple grinding of workpiece surface [5].

3. Vitrified bonded (grinding) wheels of zonally diversified structure

Grinding wheels with different grain types in the zones of rough and finish grind-
ing are subjected to modelling. Grinding tool of such type was designed at Technical
University of Koszalin on the basis of glass-crystalline bond (Figure 3).

An overall grinding wheel width b, equals 20 mm and its diameter d; is 35 mm.
A rough grinding zone (b;; = 14 mm) was built of alundum 99A grains of granularity
60. In finish grinding zone (b, = 6 mm), we can find microcrystalline aluminium ox-
ide SG grains of granularity 80. In rough grinding zone, there is a conic chamfer
whose angle and length were matched to include all working allowance.

Experimental investigations with this type of grinding wheels showed the possibil-
ity of conducting single-pass internal grinding with working engagement of 0.15 mm.
This parameter allow us to determine the conic chamfer angle y = 1°.
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Alundum 99A Smtered corundum SG

<View of single gl'ams>

<3:11'.11di.11g wheel sul'fac>

Fig. 3. Zonally diversified structure of grinding wheel of alundum 99A
and microcrystalline aluminium oxide SG grains

Combining in one grinding wheel both alundum and SG grains enables intensive
machine cutting by large monocrystals and simultaneously smoothing and sparking
out the surface roughness by microcrystalline grains.

4. Modelling of abrasive grains

In the simulation method presented, we assume that in grinding process, the abra-
sive grains which protrude from the grinding wheel surface are of a special impor-
tance. The most important are their shapes and the sizes of protruding parts, because
only those parts of grains are in contact with workpiece.

The surfaces of grains are described by the function whose components determine
the shape of grain fape(x, ¥) and its microtopography fumyp(x, y). The elements of func-
tion are additive or multiplicative connecting (2):

Zs(xa )’) :f;hape(xa J’) +fmtp(x9 y) (2)

Numerical notation of the grain shape is a real number matrix Z; (3) whose dimen-
sions are defined by assumption concerning the size of a grain subjected to modelling:

211 Zp Z1n
z z z
21 2 e 2y
Z, (x, y) = > 3)
Zml Zm2 Zmn



Modelling the surface of grinding wheels 81

where z; = fohape(Xi, ¥}) T frpt(Xis 1))

Numerical notation of the grain surface topography enables modifications of grain
shape during simulation process. Changes are generated by grain wear in grinding
process and by grinding wheel honing process.

The models of grain surface are added to elementary strip model [x;, y,] of grinding
wheel surface (Figure 4). That strip is situated along the generating line of grinding
wheel and its width has an influence on the modelling tool characteristic. Position of
grain on grinding wheel surface is random. To assure a proper arrangement of grains
on the grinding wheel surface, modelling takes into account the values of indexes that
determine grain location /,, /, in accordance with the random numbers’ distribution
that concerns the grains spacing on the surface of a real grinding wheel.

Fig. 4. Scheme of grains’ location on base surface

An example of surfaces’ ordinate diagram of abrasive grain model is presented in
Figure 5.

Fig. 5. Example of abrasive grain model

The modelling method described enables us to create the models of abrasive grains
of different kinds. This is possible due to a suitable choice of function which describes
the grain shape and proper values of its coefficients. Stages of creating models of
alundum and SG grains are presented in the Table.
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Table. Stages of creating models of alundum and SG grains

Alundum SG
- Sarape (%, ) = (0 +37) /wic+ alx +by])  [fanape (5 ) = (] + W) / i) — Max((x] + )
Function of shape ~ Max((F + 12wy + alx +by)) / wy)

+ function of
microtopography

+ function of
grain location

121 um

Grain model

Real grain

5. Modelling of active surface of grinding wheel

The surface of grinding wheel is modelled by assembling basic cells with elemen-
tary strips of grinding tool surface wy.. In order to make a random manner of grains
spacing on the whole surface of grinding wheel more efficient, each row of grains is
additionally shift along next row by the random value p,,. (Figure 6).

Model of grinding wheel surface is recorded in real number table, and its size is
based on the grinding tool parameters. Model of grinding wheel topography includes
not only abrasive grains, but also models of bond and pore structure.
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Ny,
>

Fig. 6. Arrangement of grains on grinding wheel surface

The method described enables us to generate an active surface of grinding wheel
with specified microgeometry for rough (Figure 7a) and finish grinding zones (Figure
7b).

a) . b)

Fig. 7. Modelling surface of rough (a) and finish (b) grinding zones
of zonally diversified structure of grinding wheel

Conic chamfer of grinding wheel is implemented in grinding simulation process by
determining an angular orientation of adequate element of modelling surface.

6. Conclusion

In the design of new grinding wheels, simulated methods which allow verification
of innovations without building real tools are of a special importance. Our method of
modelling an active surface of grinding wheel enables numerous modifications to
grinding tool structure (e.g. separating the zones of different kinds, shapes and sizes of
abrasive grains). The method of modelling an active surface of zonally diversified
structure of grinding wheel being designed to single-pass internal grinding has wide
application.
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Modelowanie powierzchni narzedzi Sciernych o strefowo zréznicowanej budowie

Przedstawiono metod¢ modelowania powierzchni $ciernic o strefowo zréznicowanej budo-
wie. Nowe $ciernice opracowano, aby prowadzi¢ jednoprzejsciowy proces szlifowania otwo-
réw. Zastosowanie ziaren elektrokorundu szlachetnego w strefie szlifowania zgrubnego oraz
mikrokrystalicznego tlenku glinu SG w strefie szlifowania wykanczajacego umozliwia uzyska-
nie ostatecznego rezultatu obrobkowego w jednym przej$ciu narzedzia. W pracy podano cha-
rakterystyke jednoprzejsciowego osiowego szlifowania otwordw i szczegétowo opisano narze-
dzia $cierne o strefowo zrdznicowanej budowie, a takze metod¢ modelowania czynnej po-
wierzchni $ciernic tego typu. Zaprezentowana metoda umozliwia modelowanie pojedynczych
ziaren $ciernych roznych gatunkow i tworzenie z nich modelu czynnej powierzchni. Struktura
modelu pozwala podzieli¢ czynna powierzchni¢ narzgdzia na strefy i zréznicowaé rodzaj,
ksztalt, wielko$¢ i rozmieszczenie ziaren w kazdej z nich. Dodatkowo mozliwa jest modyfika-
cja makrogeometrii $ciernicy i zastosowanie np. nakroju stozkowego.
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Load rate of the circumferential
sector of soil-steel bridge structures
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Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

In order to calculate the parameters soil-steel structure, a special software based on a 2D model is
used. The concentrated forces of a bridge roadway generated by vehicles are being related in this model
to a selected sector based on Boussinesq’s theory. This theory, however, does not fully confirm the work
effect (internal forces) of soil-steel structures as flexible structures cooperating with soil in carrying ex-
ternal loads. The effectiveness of this theory was estimated according to the 3D model built out of FEM
elements. For this reason a comparison algorithm was constructed based on the influence function of in-
ternal forces for a selected strip of steel shell. The analysis showed the influence of general parameters of
the bridge (width, span) on internal forces being neglected in developing the guidelines for such bridges.
The parametric analysis given in this paper refers to a completed construction of a classical soil-steel
bridge built in Szczytna. As variable characteristics of the object we assume: thickness of backfill, shell
span, haunch radius, kind of steel corrugation as well as sheet thickness of the shell types applied. The
analysis proved that some of them essentially influence the system of internal forces. The results of analy-
sis of geometric parameters of the steel shell indicate the possibility (theoretical) of such a modification
of the structures that allows reduction in steel usage.

Keywords: soil-steel bridges, moving loads, shell effort

1. Introduction

The soil-steel bridges are composed of the following main structural elements: an
elastic shell of corrugated sheet, most often a steel one, soil backfill surrounding the
shell and cooperating with it and road surface (Figure 1). Such structures are designed
and made in a way that ensures an advantageous cooperation of a shell with two other
elements considered in a bridge construction as non-structural ones [1].

For soil-steel structure calculations, there are used special computer programs
based on a flat 2D model built out of FEM elements (Figure 2a). The model well
represents the systems of internal forces generated as a result of constant loads (dead
weight of bridge). In the case of live loads (generated by vehicles), concentrated forces
from the roadway surface are reduced to the analyzed shell strip (model 2D) using
Boussinesq’s theory. Such a procedure is also used in bridge designing [2]. The spatial
3D model of a structure (Figure 2b) enables more reliable representation of internal
forces in the shell from local loads. However, this model requires a big number of
elements and increased cost of labour for discretisation of the object [3]. In such
calculations, general FEM systems are normally used.
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Fig. 1. Longitudinal section of the soil-steel bridge in Szczytna
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Fig. 2. Numerical models of the bridge: a) 2D model, b) 3D model
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The 3D model used here has been made based on numerical testing of many mod-
els of the shell surrounded by soil and on the results of tests on real objects [4, 5]. In
this paper, we considered two models (Figure 2), where [4]:

¢ the corrugated sheet was simulated as beam elements,

o the soil backfill was simulated as 2D or 3D isotropic continuum,

o the road surface was simulated as surface or volumetric isotropic elements,
o the interface was simulated by using 1D elastic elements.

In the case of both models, a numerical discretisation of bridge models was carried
out based on isotropic volume and area elements that allowed us to model the road
surface whose material characteristics were as follows: £ = 350 MPa and v = 0.2. The
soil backfill surrounding structural corrugated plates was also modelled based on iso-
tropic volume and area elements of the following material characteristics:
E=155MPa and v = 0.2 [11]. Geometrical characteristics of the corrugated plate of
the SC 380-140-7 type, i.e. the plate depth #=7 mm, the corrugation length
a = 380 mm and the corrugation height /= 140 mm, are taken from the design guide-
lines laid down by the Corrugated Steel Pipe Institute & American Iron and Steel In-
stitute [15]. Material characteristics of steel plates of shell were as follows: £ =205 GPa
ando=0.3[4, 11].

The numerical analysis was carried out by using the COSMOS/M system. The ex-
amples of numerical analysis were based on geometric parameters of the bridge at
Szczytna town as shown in Figure 1 [6, 7].

2. Load rate of 2D model
2.1. Boussinesq’s model

In classical design calculations [2], there is considered a flat 2D model of the con-
struction (a shaded outline in Figure 3). The moving loads from the roadway being
laid in the plane xy are reduced to the line y = y,, which is atop edge of 2D model. The
reduced load is obtained from the condition of a normal stress o, (the pressure onto the
top surface of the shell) at the point 4.

In the case of the load ¢ distributed uniformly by along the line parallel to the y-
axis, as in Figure 3, the pressure exerted onto the shell along the line passing through
the point 4 is uniform as well:

2p H?
O :—p—4
T s,

(1)

In the case of the concentrated load imposed at the point P(x,, y,), the pressure exerted
onto the shell at the point 4(x,, y,) equals:
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Assuming that ¢ is an equivalent load for the load P, we obtain its rate by comparing
(1) with (2)

4
3P s,
=22 7q 3
1= 3)
X
\
y /)- -------------
Fig. 3. Schema of reduced loads in 2D model
The distance between the points 4 and P is equal to
2 2 2
sp=AH +(x, =x,) +(, = 3,)" . )
and the distance between the load line ¢ and the axis passing through the point 4
sq=\/H2+cz. (5)

In 2D model, we can assume that the analyzed sector of the bridge construction of
the width a at the point C’ or C” is loaded with the concentrated force

3P-s3

P: a =

a=pg(x,y)-P (6)
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calculated on the basis of ¢, but of the result equivalent to the force P as in the light of
the criterion adopted in (3) they are equivalent. The value P, depends on the constant
parameters (P, H, a) and the variables in which the position of the points P and A4 is
taken into account. The function

uB(x,y)=%Ta [H2+(x0_xp)2]

5 (7)
[+, -2, + (5, - 3,)7] 2

adopted in (6) can be treated as the influence surface of the P, caused by vertical force
P(x,, y,) acting on the roadway surface and being related to the analyzed point
A(x,, y,) of the shell strip.

If the force acts over the analyzed point P(x,, y,), Equation (7) simplifies to the di-
mensionless parameter

3a

H=0 (8)

2.2. Numerical model

The influence surface of internal force S (of the bending moment, of the axial
force or of the normal stress) at the analyzed point 4(x,, y,) of the shell obtained using
3D model can be presented in the form of two profiles given in Figure 4:

e longitudinal profile representing the force moving along the x-axis (y, = y,),

e transverse profile representing the force moving along the y-axis (x, = x,).

According to the definition of the influence surface, the internal force S induced by
an optionally applied concentrated force P can be defined as follows:

S(xo’yo):n(xo’xp’yo:yp)'P- (9)

In a specific case, when the force P is applied directly over the point 4(x,, y,), the
following equation should be used:

S(x,,¥,)=1(x,,y,) P (10)

If 2D model is used, the internal force S(x,) generated by a concentrated load P is
expressed by the following equation:

S(x,)=¢(x,,x,)-F, (11)
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where P, stands for the load that is caused by the concentrated force P(x,, y,) and that
acts on the structure sector of the width a. In a specific case, when the force P is ap-
plied directly over the point A(x,, y,) being analyzed, we obtain:

S(x,)=&(x,)-F, - (12)

Pl
T P(XhYp)
(Xo:Yo)
ENBEZgie R

\
\\

S W

Fig. 4. Sections of influence surface and influence line of internal force S

Comparing (10) with (12) we arrive at:

P a(x,)

A G (13)

Taking account of the above, we can calculate the load P, of the shell strip based
on the influence function of an internal force

1
Pzzzn(xay)E'P:;unum(x’y)'P' (14)
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The function (x, y) is the influence surface P, related to the analyzed point A(x,, y,)
of the shell strip and generated by vertical forces on the roadway surface P(x,, y,),
compare Equation (7).

Figure 5 shows some examples of transverse and longitudinal profiles of the influ-
ence surface of normal stress for the strip y, = 3B/4 and the point lying in the crown of
the shell (x, = L/2). Geometrical parameters of this bridge were the same as these of
the bridge in Szczytna [6, 7] (Figure 1), where the width B of the road crown was
11.40 m. The diagrams also show how the soil backfill thickness H influences the
value of the ordinates of the stress influence surface.

y [m]
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Fig. 5. Transverse and longitudinal sections of the influence surface
of normal stresses depending on the depth of the cover

Based on the function #(x, y) we can see that along with an increase in the thick-
ness H the value of # decreases. This provides evidence of a diminishing influence of
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local loads (concentrated) on the shell strain. If the cover is thick enough, the concen-
trated loads are evenly distributed along the entire width of the shell. An advantageous
influence of an increased thickness of the cover is reduced by the stresses generated by
the soil backfill dead weight.

2.3. Comparative analysis

Equations (7) and (14) enable the comparison of the models of soil-steel structures
analyzed above. The values i, obtained from 3D model and Equation (14) as well
as the results obtained from (7) and denoted by x5 can be compared as the physical
sense of these values is the same. We obtained both values based on totally different
assumptions.

Figure 6 presents u versus the soil backfill thickness H and the place where the
concentrated force P was applied to the shell strip of the width a = 0.38 m (the length
of the wave). The strip y, = 3B/4 and the point in the shell crown were analyzed. We
assumed three places where the concentrated force was applied: over the point
(v, =,) being analyzed and two cases where the force was applied at the same dis-
tance from the point analyzed:

yo—y,,\=£ (15)

Ay= .
Y 8

The values of forces P, caused by the concentrated forces in the 2D model can be
calculated based on the curves u charts given in Figure 6. For example, at H = 1.25 m
the loaded sector over the point 4 (the top curve) is subjected to the force 0.20P
(Boussineq’s) and 0.07P (numerical result). In the case of the indirect load (the bottom
curves), at y, = 5B/8 we obtain respectively 0.046P and 0.053P and at y, = 7B/8 we
obtain 0.046P and 0.063P.

The results given in Figure 6 indicate that the influence of the soil backfill thick-
ness on the load distribution in the soil-steel structure is considerably greater than can
be expected based on force distribution itself in the soil medium according to Boussi-
nesq. We found especially big differences in the results for these structures when H
reached a minimum value. However, a small thickness of the soil backfill seems to be
advantageous because in such a case a space under the bridge is quite large [5]. The
curves in Figure 6 prove that the sign of Ay (Equation (15)) is also important.

In Figure 7, there are given the transverse profiles of the influence surface of nor-
mal stresses in the shell crown for some selected shell strips. The lay-out of the ana-
lyzed strips at cross sections of the bridge is defined by the equation:

15+2i
=B
Yo 30

for i=0,1,2,...,7. (16)
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The lay-out of the curves presented in Figure 7 is such that extreme values of the
ordinates are identical for the strips included in the following range:

B 4B
By 2B 17
S <o < (17)

where B is the width of the bridge structure. The extreme strips are normally over-
loaded because the values 7(y) for y, > 0.8B evidently increase. The embankments of
bridge structures are paved so those parts of bridges are not exposed to concentrated
loads caused by vehicle wheels. Considering the above we can conclude that circum-
ferential strips of a shell which are underneath a roadway are stressed in the same way.

3. Influence lines of internal forces

The influence of geometrical parameters on internal forces in a shell was analyzed
by using 2D model. The soil backfill thickness of 90 cm and the road surface thickness
of 35 cm (H = 1.25 m) were assumed to be constant. The changes of geometrical pa-
rameters were related to the bridge built at Szczytna town (Figure 1). Two cross sec-
tions of the bridge were thoroughly analyzed: in the middle of the shell span and in the
middle of the haunch. In these sections, the highest normal stress was measured on the
top and bottom edges of the corrugated sheet. In this paper, there were analyzed the
changes of geometrical parameters in the range given in the Table. In two cases, we
did not analyze regular changes of parameters and we took the values that complied
with standards of a real object, i.e. L = 12.315 m and the radius R, = 1.016 m.

Table. Geometrical parameters of the bridge structure

Variable parameter of shell Range of variability
L span 820 m
R, haunch radius 0.5-3.0 m

MP 150-50, MP 200-55,
SC 380-140, SC 400-150
sheet thickness

! SC 400-150 3-7 mm

geometry of sheet corrugation

The method used for static analysis was based on comparing the influence lines
(2D model) of internal forces (S) drawn for characteristic points of shell strip [10, 11].
This allows an objective comparison of the changes in the parameters analyzed and
additionally calculation of internal forces caused by live loads (e.g. true vehicles or
imaginary vehicles meeting standards) optionally set along the roadway. In order to
arrive at the influence function of internal forces S, the kinematic inputs were used
[11,12].
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3.1. Shell span

In order to maintain the proportion of radial changes of the shell curvature together
with the span change L;, the model of the object was scaled as shown in the following

equation:
g =Lit2 for i=2,3,...,6,
L

but for i = 1 we have s; = 8.00/12.315 = 0.6469.
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Fig. 8. Influence line of normal stresses depending on the span of the shell
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The results given in Figure 8 show that normal stresses in the crown of shell (x, = L/2)
increase considerably due to increase in the shell span L. It should be stressed that this
phenomenon is different from that observed during earlier numerical analyses of the
soil-steel objects [10]. A different geometry of the object analyzed and a different kind
of a shell sheet are responsible for above difference. Lower values of the ordinates of
the influence lines of normal stresses for the shell haunch result from the model
scaling. During scaling the radius of curvature of the haunch was increasing. This
phenomenon is discussed in a detail in further part of this paper.

Ly [m]
0 3 6 9 12 15 18 21 24
[ T ] I T ]
20 “&\ g T
80 A\ /
e -140
T
-200
crown
-260
320 Y
o L .
R=05m R=1016m R=15m
R=20m ---e-e- R=25m R=30m
L [m]
0 3 6 9 12 15 18 21 24
0 _ ]
227 |
_60 ‘ |
-120

/
360 \ ! / haunch

<
-420 ~—
< L I~
R=05m R=1016m R=15m
R=20m ------- R=25m R=30m

Fig. 9. Influence line of normal stresses depending on the change of haunch radius
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3.2. The radius of shell haunch

The change of the radius of curvature R, of haunch (Figure 9) affects the ordinates
of influence lines of normal stress at the analyzed points of the shell in the crown and
in the haunch in different way. The radius of curvature of shell haunch influences only
slightly its effort in the middle of the span. The change in the shell geometry in the vi-
cinity of the point analyzed influences greatly the effort in this section which mani-
fests itself as a decrease influence lines’ ordinates of normal stress and as an increase
in the haunch radius. This phenomenon is in agreement with the theory of a ring com-
pression [13, 14] and suggests that shell haunches of real structures have greater radius
of curvature in order to reduce their effort. We can also conclude that in the analyzed
points of the shell the bending moment affects most significantly the shell effort. This
fact confirms the validity of using reinforcements in the form of additional corrugated
sheets in these sections.
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3.3. Geometry of the shell sheet corrugation

The influence of the geometry of the shell corrugation on its effort at a constant
thickness of the sheet # =7 mm is presented in Figure 10. The results obtained testify
to the increase in the ordinate values of the influence lines with every change in the
corrugation type of shell sheet whose height is considerable. This phenomenon is due
to a substantial increase in the moment of inertia in respect of the cross-sectional area
which in the case of the all analyzed kinds of sheets is similar (4 ranges from 8.71 to
9.64 mm*mm [15]). The greater height of the wave of the corrugated sheet causes that
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the more external loads the shell must take. In Figure 10, we can see clearly two sepa-
rate groups of curves which allows us to divide the analyzed types of corrugation of
the sheet into flexible (MP 150-50, MP 200-55) and stiff ones (SC 380-140 and
SC 400-150).

3.4. Thickness of the shell sheet

The changes in the sheet thickness of the shells being considered earlier were ana-
lyzed. Due to very similar curves we present the results for the SC 400-150 shell only.
Based on curves in Figure 10 we can conclude that in the shell made from a sheet of
a smaller thickness, greater normal stresses are generated regardless of the kind of cor-
rugation and the cross section analyzed (crown or haunch). A 50% increase in the
sheet thickness results in a 15% decrease in stresses only, thus in the soil-steel struc-
tures the sheets of a minimum thickness are considered to be the best because of eco-
nomical reasons. The above statement also leads to certain technological simplifica-
tions (rolling of thinner sheets).

3.5. Summary of analysis

In Figure 12, there are presented the changes in the pressure, defined by the u(x, y)
function (Equation (14)), exerted on the shell strip analyzed depending on such basic
geometrical parameters of the bridge as: B, L, H. The curves p(x,, y,) are plotted in the
same figure with the central point where they assume the same values as those rep-
resenting the bridge in Szczytna (Figure 1). The results obtained (Figure 12) are also
valid for the sizes of the bottom view of B and L which according to Boussinesq’s the-
ory are not contained in Equation (5). These results and also the thickness of the soil
backfill H influence considerably the values of .
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Fig. 12. Function u(x, y) depending on basic shell parameters



100 Cz. MACHELSKI, G. ANTONISZYN

4. Conclusions

Special software based on a 2D model is used for calculations made in designs of
soil-steel structures. The concentrated forces generated by vehicles which load road-
way of a bridge are brought, based on Boussinsq’s theory to a selected section (2D
model). In this paper, the validity of a commonly applied Boussinesq’s theory was
tested with respect to the FEM 3D and 2D models. For this reason, comparative algo-
rithm was constructed based on the influence function of internal forces in a selected
strip of a steel shell. The analysis carried out shows that we deal with considerable dif-
ferences in the models, and especially in the objects with a minimum thickness of soil
backfill. Also geometrical parameters of the object (width, span) are responsible for
internal forces being neglected in designing guidelines for bridges. Taking account of
the results this theory does not fully represent the work of soil-steel bridge systems
(internal forces) as flexible structures cooperating with the soil in carrying external
loads.

The parametric analysis presented here was related to the classical bridge of soil-
steel structure built in the Szczytna town. The analysis results are given in the form of
longitudinal profiles of the influence surface or influence lines of normal stresses i.e.,
in the form independent of the kind of load, because it is easier to process such a form.
The following features: thickness of the cover, shell span, haunch radius, kind of the
sheet corrugation and the sheet thickness in individual types of shells are considered to
be the variables of the characteristics. Some of these features exert an essential influ-
ence on the system of internal forces. The results of the analysis of geometrical char-
acteristics of the steel shell show that there is (theoretical) possibility of modifying the
objects which leads to effective designing of shells and simultaneously a lower con-
sumption of steel. They also show the directions of reasonable changes in shell forms
of SUPER-COR type.

Based on the results of tests and many numerical analyses of soil-steel structures
[3,4,5,6,10, 11, 13, 16, 17] we can conclude that these objects do not belong to the
same group. We should not extend the results of tests and calculations to all kinds of
such objects either. This can be done in the case of certain classes or groups of such
objects only.
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Intensywno$¢ obciazenia wycinka obwodowego
mostowej konstrukeji gruntowo-powlokowej

Do obliczen konstrukcji gruntowo-powtokowych wykorzystuje si¢ specjalistyczne opro-
gramowanie oparte na modelu dwuwymiarowym (2D). Sily skupione pochodzace od pojaz-
dow, bedace obciazeniem jezdni obiektu mostowego, sa w tym modelu sprowadzane z zasto-
sowaniem teorii Boussinesqa do wydzielonego wycinka. Teoria Boussinesqa nie oddaje
w pelni istoty pracy (sity wewngtrzne) mostowych uktadow gruntowo-powtokowych jako kon-
strukcji podatnych, wspoétpracujacych z gruntem w przenoszeniu obciazen zewngtrznych.
W pracy poddano ocenie skutecznos¢ tej teorii w odniesieniu do modelu 3D utworzonego z ele-
mentéw MES.

W tym celu dla wybranego pasma powtloki stalowej opracowano algorytm porownawczy
oparty na funkcjach wplywu sit wewngtrznych. W wyniku przeprowadzonej analizy wykazano
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wplyw ogolnych parametrow geometrycznych obiektu (szerokos¢, rozpigto$¢) na sity we-
wngtrzne, ktore sa pomijane w wytycznych projektowania tych mostow. Analizg parame-
tryczng podana w pracy odniesiono do wybudowanego klasycznego mostu o konstrukcji grun-
towo-powlokowej. Jako zmienne charakterystyki obiektu przyjeto: grubos¢ zasypki gruntowe;j,
rozpigto$¢ powloki, promien naroza, rodzaj falowania blachy oraz grubos¢ blachy stosowanych
typow powlok. Wykazano, ze czg$¢ z nich wplywa w stopniu istotnym na uktad sit wewngtrz-
nych. Wyniki analizy dotyczace charakterystyk geometrycznych stalowej powloki wskazuja,
ze mozna (teoretycznie) tak zmodyfikowac te konstrukcje, aby zmniejszy¢ zuzycie stali.
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