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Mohamad AL ALI!, Michal TOMKO?

INFLUENCE OF THE INITIAL IMPERFECTIONS WITH REGARD TO THE WEBS
THICKNESSES OF COLD-FORMED COMPRESSED STEEL MEMBERS

Abstract

Local stability requirements related to unfavorable buckling effects of compressed parts of
cold-formed profiles are highly significant. Favorable effects related to their post-critical behavior are
also important. The paper deals with resistance of these type of members, taking into account the
influence of initial imperfections with regard to the thicknesses of their webs. The paper also presents
information about experimental and theoretical-numerical research to determine the resistance of
cold-formed compressed steel members with closed cross-sections. Obtained results are very
extensive; therefore the paper presents results of part of tested and analyzed member.

Keywords

Cold-formed, initial imperfections, post-critical behavior, 3D modeling.

1 INTRODUCTION

The implementation of European standards into the national normative systems of European
countries is connected with new methods and procedures for the calculation of cold-formed profiles
and members [1 and 2]. This fact led to further investigation using theoretical- numerical analysis
accompanied by experimental research. The research, mentioned in this paper, is a continuation of
previous research project [3].

The experimental program included cold-formed testing members with square and rectangular
cross-sections. Theoretical and numerical analysis has been oriented towards the investigation and
modeling of initial imperfection effects, taking into account the influence of the thicknesses of their
webs, while the experimental investigation has been realized to investigate the real behavior of these
members during the loading process and to verify the obtained theoretical results. Presented results in
this paper are chosen for members with rectangular cross-sections, see Figure 1.
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Fig. 1: Members with rectangular cross-sections
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The members’ lengths were designed to eliminate the global stability problems, in order to
decide of the members’ cross-sectional resistance. On the other hand, different dimensions of
designed cross-sections were selected to reflect the post-critical behavior of individual thin webs
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during loading processes. In general, the webs of individual members are thin-walled at the
compressive strain [4, 5, 6 and 7]. he tested members were made from steel sheets with nominal
thickness 2 mm.

The numerical analysis was based on the modelling of actually measured initial imperfections
as spatial areas, also on 3D simulations of the experimental tests with non-linear calculation
procedures using software ANSYS based on the FEM, [8 and 9]. In the beginning, 3D models of
tested members have been created for the comparison with experimental results and to verify the
accuracy of numerical simulations. In the next step, 3D models of the same members with
thicknesses 3 and 4 mm were created to reflect the impact of initial imperfections with regard to the
thicknesses of their webs, see Table 1 and 2.

Tab. 1: Designed dimensions for testing and analysis

Members Geometrical dimensions [mm]
Cross-sectional group | Marking b h t|r L
B2 B21,B22,B23 | 200 | 100 | 2 [ 3 | 650
B3 B31,B32,B33 | 200 | 100 [ 3 [ 3 | 650
B4 B41,B42,B43 | 200 | 100 | 4 [ 3 | 650
Tab. 2: Dimensions and material properties of real members

b h t T L fy fu

Members
[mm] [MPa]

B21, B31, B41 | 207.47| 103.18 | 2,3,4| 3 | 650.00 | 242.33 | 360
B22, B32,B42 | 207.93| 103.08 | 2,3,4| 3 | 649.88 | 242.33 | 360
B23, B33, B43 | 207.35| 102.62 | 2,3,4| 3 | 649.25 | 242.33 | 360

2 EXPERIMENTAL TESTING METHODOLOGY AND RESULTS

Before testing start, the initial imperfections (initial buckling shapes) of all webs of tested
members were measured on previously generated raster [5 and 7]. During consecutive programmed
loading of the tested members, the strains ¢ were measured using resistive strain-gauges located in
their middle cross-sections. Deflections (buckling) of the webs w were measured using inductive
sensors located in different places according to members lengths. Figure 2 illustrates the concept of
the generated raster and arrangement of the test.

-.__L_,_._

Fig. 2: Generated raster (a) and arrangement of the test (b)
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The resistive strain-gauges and inductive sensors were connected to the computer for direct
evaluation of obtained results. Loading process of each member was regulated according to its real
behavior, measured strains ¢ and deflections w. Each test continued until total failure of tested
members, defined by the beginning of continuous increasing strains ¢ and deflections of the webs w.
The final buckling shapes after test finishing were also revealed. Example of the test completion and
overall failure of tested member B22 is given by Figure 3.

Fig. 3: Test completion and overall failure - member B22

Taking into account the real-measured dimensions and yield stresses, the resistances of all
tested members were calculated according to relevant standards [1 and 2]. Theoretical resistances and
experimental limit loads of cross-sectional group B2 are presented in Table 3.

Tab. 3: Theoretical and experimental limit loads

Nexp Description of the individual limit loads

Nerx ‘ No,Rky ‘ N Rz

Member Resistance of the cross-section
[kN] Nerx f .
or compression

B21 194.45 | 194.45 | 194.45 | 171.15 | Norky | Buckling resistance of the member for
B22 200.55 | 200.55 | 200.55 | 164.77 | Nygri, | cOmpression (in our case Nerx = Np,re)
B23 191.76 | 191.76 | 191.76 | 173.27 | Neyp |Measured experimental limit load

It is evident from Table 3 that the experimental limit loads are smaller than theoretical
resistances calculated according to the relevant standards in the all cases. This serious fact could
occur as a result of the unfavorable development of initial imperfections. This unfavorable influence
of the initial imperfections is analyzed in detail in the following sections of this paper.

3 ANALYSIS OF THE INITIAL IMPERFECTIONS

The experimental limit loads were smaller than the expected theoretical values for all tested
members. One of the possible reasons are the sizes and shapes of initial imperfections. In terms of
tolerance values, maximal measured discrete value of the initial imperfection of the webs was
1.51 mm and the maximal tolerated imperfection is given in the standard as 5/50, which is 4.15 mm
[10]. It follows that the problem is not in the size of these imperfections but in their distribution and
shape. The referred standard [10] permits maximal tolerated value b/50 for imperfections in
sinusoidal waves form as shown in Figure 4.

The initial imperfections of all tested members were modeled in mathematical software
MATLAB as spatial areas. The results showed that none of the webs had uniform initial imperfection
shape, and not at all sinusoidal waves form. Figures 5 and 6 illustrate the shape of initial
imperfections for the relevant webs of member B21. Midline initial imperfections of all webs are
illustrated by graphs in Figure 7.
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Fig. 7: Midline initial imperfections of all webs, cross-sectional group B2

The overall analysis of the initial imperfections shapes for all tested members indicates that
the expected tolerated shape in the relevant standard [10] is theoretical and cannot be achieved
realistically. However, the sinusoidal waves form is the most unfavorable and any other shape would
be safer in terms of stability. The spatial areas in Figures 5 and 6, also the graphs in Figure 7, clearly
declare that the initial imperfection is a random variable and must be more precisely reflected in the
calculation procedure. For these reasons detailed theoretical and numerical analysis were performed
using software based on the FEM — ANSYS.

4 CREATED MODELS AND EXPERIMENT SIMULATION

Volume shell finite element SOLSH190, quad and triangular, was used to create the
calculation models. The finite element SOLSH190 is usually used for the simulation of shell
structures with wide range of thicknesses. This kind may be used to solve the geometrical and
physical nonlinear problems [11, 12 and 13]. This element with eight connecting nodes has three
degrees of freedom at each node, see Figure 8.



Fig. 8: Shell element SOLSH190 and integration points

Each of the 3D calculation models contains 4 182 nodes and 4 100 shell elements. Boundary
conditions of the modeled, axially compressed, members were defined by two-sided hinged
connections. Elastic-plastic material with hardening was considered. This material is characterized by
a bilinear approximation of the strain-stress diagram of steel. The measured value of yield stress
Jfy = 242,33 MPa and the hardening modulus Ej. = 2800 MPa were considered. The plastic zones
method was used here.

The concept of calculation model configuration and the mesh of volume shell finite elements
SOLSH190 are presented in Figure 9.

Fig. 9: Configuration of the calculation model (a) and volume shell finite elements mesh (b)

Two types of calculation models were used to verify the initial imperfections effect:
- Calculation models which consider the initial imperfections of the webs.
- Calculation models which do not consider the initial imperfections of the webs.

The applied load was transformed to the middle-plane of the shell elements with sequential
loads increasing until the initial appearance of plastic zone (on the internal surface of the web). By
the continuation of sequential load increasing, the development of plastic zone manifested over the
external surface of the web. The sequential loading was monitored until the divergence of the
calculation (collapse of the member).

Figure 10 illustrates the resistances obtained by calculation according to relevant standard, by
numerical (FEM) simulations and by experimental investigation of tested members B21, B22 and
B23.

Figure 10 indicates the conformity between theoretical calculation according to EN 1993-1-
3:2006 and FEM simulation — without considering the initial imperfections. This figure also indicates
the conformity between experimental results and FEM simulation — taking into account the initial
imperfections. This fact proves the correctness of ideas and procedures in creating the calculation
models, i.e. these calculation models can be used for further analysis and calculations. According to
this detailed analysis, the same method were used to create models with different thicknesses.
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Fig. 10: Resistances of members B21, B22 and B23

5 RELATIONSHIP BETWEEN THE INITIAL IMPERFECTIONS
AND THICKNESSES

In accordance with Table 2, members of webs thickness 2 mm were modeled with a
thicknesses 3 mm and 4 mm. All other parameters including geometrical dimensions, initial
imperfections and material properties were maintained. Obtained results are illustrated in the
following figures.

20.7. 2015 17:43

0,0013622
0,0012649
0,0011676
0,0010703
0,000973

0,0008757
0,0007784

246,05

0,0006811
0,0005838
0,0004865
0,0003892
0,0002918
0,0001946
97365

0

Fig. 11: Equivalent stress and equivalent plastic strain - member B22

In the case of members with webs thickness 2 mm, the overloading effected the redistribution
of initial imperfections and the broadening of plastic zones over the surface in the upper part of the
length. In the beginning, the maximal equivalent stress appeared in the same place and broadened at
the down part under the middle of the length, see Figure 11.

In the case of members with thickness 3 mm, the redistribution of initial imperfections had
different development. The broadening of plastic zones over the surface appeared in the down part of
the length. The maximal equivalent stress appeared in the same place and broadened at the upper part
above the middle of length, see Figure 12.

The situation in the case of members with thickness 4 mm is very similar to the case with the
thickness 3 mm. The broadening of plastic zones also appeared in the down part of the length. The
maximal equivalent stress has appeared on a smaller scale at the lower part of the member and
broadened at the upper part above the middle of the length, see Figure 13.
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Type: Equivalent (von-Mises) Stress - TopIBonom Type: Equivalent Plastic Strain - TnplBou:om
Unit: MPa Unit: mm/mm
Time: 1 Time: 1
Custom Custom
Max: 247,13 Max: 0,0023263
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10.7.2015 9:20 10.7.2015 9:19

07,13 0,0023263
233,59 0,0021602
220,05 0,001924
206,52 0,0018278
192,98 0,0016617
179,44 0,0014255
1659 0,0013293
152,37 0,0011632
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125,29 0,00083083
11L76 0,00066467
98,219 0,0004385
84,682 0,00033233
L145 0,00016617
57,608 0

Fig. 12: Equivalent stress and equivalent plastic strain - member B32

yp!
Unit: MPa Unit: mm/mm

Time: L Time: 1

Custom Custom

Max: 259,38 Max: 0,0065946
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10. 7. 2015 9:29 10.7.2015 9:13
259,38 0,0065946
248,22 0,0061236
237,06 0,0056525
225,89 0,0051815
21473 0,0047104
203,57 0,0042394
192,41 0,0037684
181,25 0,0032973
170,09 0,0028263
158,93 0,0023552
147,77 0,0018842
136,61 0,0014131
125,45 0,00094209
114,29 0,00047104
103,13 0

Fig. 13: Equivalent stress and equivalent plastic strain - member B42

6 RESULTS AND THEIR ANALYSIS

Following the above mentioned ideas and procedures, the resistances of all members with
webs thicknesses 2 mm, 3 mm and 4 mm have been determined. For improved illustration of the
resistances, obtained by the calculation according to relevant standard and by FEM numerical
simulations, graphical representation of their values is given by Figures 14, 15, 16 and 17.

~ @B21 mB22 0B23
NkN] 8 8 5
q 2 g e ° 2 &
210 3 2 = 8 I s _
- 2 = - &
< 2 ©
180 s - 8 o g
8 % & = &
—_ 8 5 e =
150
120 A
90
60
304
0 T T T 1
EN 1993-1-3 FEM - without FEM - with imperfections  FEM - with imperfections
imperfections (the plasticization (divergence and failure)
beginning)

Fig. 14: Obtained results and resistances, members B21, B22 and B23
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Fig. 15: Obtained results and resistances, members B31, B32 and B33
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Fig. 16: Obtained results and resistances, members B41, B42 and B43
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Fig. 17: Comparison of obtained results for all considered members
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Figure 14 illustrates the results of cross-sectional group B2, i.e. members with 2 mm thick
webs (see also Tab. 3 and Fig. 10). This figure indicates the serious influence of initial imperfections
and suggests that the calculation according to relevant standard is not on the safe side. From this
figure it is evident that the zone between plasticization beginning and failure is very small.

Figures 15 and 16 illustrate the results of cross-sectional groups B3 and B4, i.e. members with
3 mm and 4 mm thick webs. These figures indicate the receding of the initial imperfections effect and
suggest that the calculation according to relevant standard is on the safe side. Figures 15 and 16 also
indicate that the zones between plasticization beginning and failure are markedly bigger. The
comparison of individual results for all considered members is given by Figure 17.

7 CONCLUSIONS

According to obtained experimental results, basing on data acquired from the calculation
models and from the theoretical-numerical analysis it is evident, that the resistances of compressed
cold-formed steel members are significantly influenced by initial imperfections and/or by the initial
buckling shapes of their individual webs.

Reached conformity between theoretical calculation according to EN 1993-1-3 and FEM
simulation — models without initial imperfections, obtained conformity between experimental results
and FEM simulation — taking into account the initial imperfections prove the correctness of ideas and
procedures in creating of the calculation models, i.e. these calculation models can be used for further
analysis and calculations, see Figure 10.

Previous analysis suggests that the initial imperfections and initial buckling shapes have
a serious impact on the resistance of compressed cold-formed members with webs thickness up to
2 mm. At bigger thicknesses the influence of initial imperfections recedes. It has also been found that
the intervals between plasticization beginning and failure are markedly higher at bigger thicknesses,
see Figure 17.

Large-scale theoretical analysis and experimental research were applied on 18 cold-formed
compressed members with different cross-sections of thickness 2 mm. Obtained results from
theoretical analysis, experimental tests and numerical simulations of all tested members indicate that
the initial buckling shapes and imperfections reduced the resistance of these members and the
relevant standard, [1] got to the unguarded side, see Table 3 and Figure 10. This detection raises the
question: How to deal with thicknesses up to 2 mm?
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ZHODNOCENI VYVOJE PATINY NA TRAMOVYCH MOSTECH S HORNI MOSTOVKOU
NAVRZENYCH Z PATINUJICICH OCELI

EVALUATION OF PATINA DEVELOPMENT ON GIRDER BRIDGES WITH THE ROADWAY
ABOVE THE SUPPORT DESIGNED FROM WEATHERING STEELS

Abstrakt

Clanek se zabyva zhodnocenim vyvoje koroznich produkt na nosnych konstrukcich
tramovych mostl s horni mostovkou navrzenych z oceli se zvySenou odolnosti proti atmosférické
korozi, tzv. patinujicich oceli. Uvedena je zakladni metodika hodnoceni vyvoje koroznich produkti
vcetné vysledkd experimentalniho méfeni. V ¢lanku jsou rovnéz uvedeny a diskutovany ptiklady
typickych poruch ve vyvoji patiny.

Kli¢ova slova
patinujici ocel, mosty, ocelové konstrukce, patina, koroze, atmosférické korozni zkousky
Abstract

The paper deals with the evaluation of corrosion products on load-bearing structures of girder
bridges with upper bridge deck that are designed from structural steels with improved atmospheric
corrosion resistance, so-called weathering steels. The basic methodology for evaluation of corrosion
processes including the results of experimental measurement is introduced in this paper. Typical
failures in development of corrosion products also stated and discussed.

Keywords

Weathering steel, bridges, steel structures, patina, corrosion, atmospheric corrosion tests.

1 UVOD

Konstrukéni patinujici oceli se pro realizaci riznych typt venkovnich nosnych konstrukcei ve
stavu bez protikorozni povrchové upravy pouzivaji ve svéteé (USA, Némecko, Japonsko, Jizni Korea,
Francie, Svycarsko aj.) i v Ceské republice jiz asi 50 let [1 - 4].

V Ceské republice se tyto oceli po nékolika ovéfovacich konstrukcich v 70. a 80. letech
minulého stoleti velmi rychle prosadily pro konstrukce budov, stozari a zejména pro fadu
vyznamnych mostnich konstrukci. V tomto dlouhém obdobi bylo mozné formulovat a prakticky
ovefit hlavni zasady pro optimalni navrhovani konstrukci z patinujicich oceli, dilezité konstrukeni
zasady, vyrobni postupy a racionalni udrzbu, nutné pro zajisténi jejich dlouhodobé zivotnosti
a spolehlivé funkce [5].

I Doc. Ing. Vit Kfivy, Ph.D., Katedra konstrukci, Fakulta stavebni, VSB-Technickd univerzita Ostrava,
Ludvika Podésté 1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 597 321 363, e-mail: vit.krivy@vsb.cz.

2 Ing. Katefina Kreislova, Ph.D., SVUOM, s.r.0., U Mé&stanského pivovaru 934/4, 170 00 Praha 7 — HoleSovice,
tel.: (+420) 220 801 297, e-mail: kreislova@svuom.cz.

3 Ing. Viktor Urban, Katedra konstrukci, Fakulta stavebni, VSB-Technicka univerzita Ostrava, Ludvika Podéste
1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 597 321 925, e-mail: viktor.urban@yvsb.cz.
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po roce 2000 v Ceské republice realizovana fada novych velkych a vyznamnych konstrukci, ve
kterych jiz bylo mozné v plném rozsahu vyuZzit pfiznivé vlastnosti patinujicich oceli i dlouhodobé
ovéfené poznatky vyzkumnych pracovnikil a projektantii ocelovych konstrukei. Jsou to piedevsim
velké dalnicni a silnicni mosty v oblasti Ostravska a mosty na dalnici DS [6].

V ramci vyzkumnych aktivit autord c¢lanku bylo v nedavné dobé provedeno zakladni
hodnoceni korozniho vyvoje na vétsiné tramovych mosti s horni mostovkou situovanych na tzemi
Ceské republiky. Zakladni metody hodnoceni patiny pouzité pfi prohlidkach mostii jsou uvedeny
v ¢asti 2.1. Obecné zhodnoceni vyvoje koroznich produktd je uvedeno v ¢asti 2.2. Podrobnéjsi
hodnoceni koroznich procest, zahrnujici realizaci experimentalnich atmosférickych koroznich
zkousek [7], bylo provedeno na 8 tramovych mostech s horni mostovkou navrzenych z patinujici
oceli Atmofix B (S355J2W), viz tabulka 1. Vysledky experimentdlniho méfeni tloustek koroznich
produktii véetné jejich zakladniho statistického vyhodnoceni jsou uvedeny v €asti2.3. Ptiklady
typickych poruch ve vyvoji patiny a doporucenych konstrukénich feseni jsou uvedeny v ¢asti 2.4.

Tab. 1: Tramové mosty s horni mostovkou zahrnuté do experimentalnich atmosférickych koroznich
zkousek [7]

Pocatek expozice Pocet
Testovana konstrukce . testovanych
ocelové konstrukce o
povrcht
01 - Silni¢ni most ptes feku Ostravici ve Frydku-Mistku 1986 8
02 - Zelezniéni most v Praze - Motole 1981 8
03 - Silniéni most pies trat’ CD na silnici I1/470 v Ostravé 2008 16
04 - Silni¢ni most ptes feku Odru na silnici [1/470 v Ostravé 2008
05 - Silniéni most pies trat’ CD na silnici I/56 v Ostravé 2008 9
06 - Silni¢ni most na ulici Opavské ptes dalnici D1 v Ostravé 2001 12
07 - Silniéni most na ulici Opavské pies trat’ CD v Ostravé 1983
08 — Silni¢ni most ptes feku Opavu na silnici I/11 v Opavé 2008

2 POZNATKY Z PROHLIDEK MOSTNIiCH KONSTRUKCI ZAMERENYCH
NA ZHODNOCENI VYVOJE KOROZNICH PRODUKTU

2.1 Zakladni metody hodnoceni patiny pouzité pri prohlidkach mostnich konstrukei

Zakladni metodou hodnoceni vyvoje koroznich produkti na mostni konstrukci je vizualni

kontrola, ktera se zaméfuje predevsim na nasledujici oblasti a problémy:

e posoudit, zda se na konstrukci vyvinula rovnomérnad a dostate¢né ochranna patina, urcit
oblasti s poruSenou nebo nedostatecné ochrannou patinou;

e zjistit, zda se na nékterych c¢astech konstrukce shromazd'uji a ve vétsim mnozstvi zadrzuji
necistoty, prach ¢i spad rzi, které mohou zpUsobit, Ze v daném misté je povrch oceli
dlouhodobé¢ vystaven zvysené vlhkosti;

e zjistit, zda se na nékterych ¢astech konstrukce trvale zadrZuje voda, nebo zda je v tésné
blizkosti konstrukce vegetace, ktera zptisobuje zvysené ovlhcovani konstrukce;

e zjistit, zda je povrch konstrukce kontaminovan zbytky stavebnich materialti, barev nebo
jinych necistot;

e zjistit, zda je ocelova konstrukce v misté kotveni v pfimém kontaktu se zeminou, suti,
nasypy ¢i jinymi usazenymi necistotami a posoudit stav betonovych zakladi;

e zjistit, zda dochazi k pronikéani vody pfes netésné dilatace nebo mostni zavéry a zda ptitom
dochazi k pfimému smaceni ocelové konstrukce;
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e posoudit, zda je systém odvodnéni konstrukce spolehlivy a funkéni;

e posoudit, zda dochazi k zatékani do uzavienych dutych prvka nebo komorovych prufezii;
e zjistit, zda v detailech Sroubovych spoji dochézi ke vzniku sparové koroze;

e zjistit, zda na provozované konstrukci byly provadény dodatecné Gpravy

Ochranna schopnost patiny byla u vSech mostnich konstrukci rovnéz hodnocena na zakladé
podill pfilnavych a nepfilnavych podilti vrstvy rzi. Metoda ,,otiskll z vrstvy rzi“ spoéiva v pevném
pritlaceni samolepici pasky na povrch konstrukéniho prvku. Paska se sejme kolmo k povrchu a na
bilém podkladu se hodnoti velikost a Cetnosti ulp€lych ¢astic rzi, viz obrazek 1. Velikost ¢astic
mens$ich nez 1 mm, jemné a rovnomérné ¢astice jsou typické pro ochranné patiny. Patiny vytvorené
na povrsich, které nejsou vystaveny pfimym destovym srazkam, vykazuji relativné vysoky podil
drobnych nesoudrznych ¢astic. Zvysujici se podil sejmutych ¢astic rzi s velikosti nad 5 mm ukazuje
na snizenou ochrannou u¢innost vrstvy rzi, viz obrazek 2. Podrobné vypracovany systém hodnoceni
ochrannych vlastnosti patiny na zakladé velikosti nepfilnavych ¢astic a tloustky vrstvy koroznich
produkti 1ze nalézt v [8].

Obr. 1: Piiklady umisténi samolepicich pasek na typickych plochach konstrukce (vlevo — silni¢ni
most pies feku Opavu na dalnici D1 v Ostravé, vpravo - zelezni¢ni most v Praze - Motole)
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Obr. 2: Otisk z vrstvy rzi (most pfes feku Ostravici ve Frydku-Mistku): vlevo - otisk rzi z vnitini
plochy ovlivnéné zatékanim; vpravo - otisk rzi z vnitini plochy s pfiznivym vyvojem patiny

Na typickych plochach tramovych mosti bylo provedeno systematické méfeni tloustky
koroznich produkti, které Ize pouzit pro statistické vyhodnoceni koroznich procest. Méfeni tloustky
koroznich produkti se provadi béznymi tloustkoméry na magneticko-indukénim principu, protoze
vrstva koroznich produktli je nemagnetickd. Na zakladé¢ méfenych hodnot prumérné tloustky
koroznich vrstev je mozné pomérné spolehlivé odhadnout stupen ochrannych vlastnosti patiny [9]:

e u pln¢ ochranné patiny je tlouStka vrstvy v rozmezi 60 az 350 pm;

e na plochach s primérnou tloustkou vrstvy 350 az 600 pum miZe patina stale vykazovat
potfebné ochranné vlastnosti, pro urceni realnych hodnot koroznich rychlosti vsak je
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pottebné provést podrobnéjsi zkoumani (méfeni zbytkovych tlousték materialu, analyza
koroznich vrstev, atmosférické korozni zkousky [7]);

e pokud prumérnd tloustka korozni vrstvy je vétsi nez 600 pm, potom jiz patina
pravdépodobné nebude mit dostate¢né ochranné vlastnosti. Vrstvy s primérnou tloustkou
nad 600 um jsou obvykle snadno identifikovatelné vizualni prohlidkou, vrstvy jsou velmi
objemné, neptilnavé a odlupuji se z povrchu konstrukce.

U vybranych konstrukénich prvkli posuzovanych mosti byly ultrazvukovou metodou zméteny
realné tloustky. Méfeni zbytkovych tloustek bylo provadéno predevsim v ptipadech, kdy na zakladé
vySe uvedenych metod hodnoceni vyvoje koroznich produktli vzniklo podezieni na omezeni
ochranné funkce patiny. Pomoci méfeni realnych tloustek konstrukénich prvku lze prokazat, zda
hodnocena porucha ve vyvoji koroznich produktii je pouze vizualni nebo zda dochazi k vyznamnému
oslabovani nosného prvku. Aby bylo mozné vyhodnotit vliv poruchy, bylo vzdy provedeno
srovnavaci méfeni na totozné plose stejného konstrukéniho prvku, avSak s vizualné pfiznivym
vyvojem patiny.

2.2 Obecné zhodnoceni vyvoje koroznich produkti

Vsechny hodnocené mosty byly navrzeny jako tramové s horni mostovkou, at’ jiz ocelovou
ortotropni nebo Zelezobetonovou. Toto konstrukéni feseni mostu je vhodné pro aplikaci patinujicich
oceli. U mosti pozemnich komunikaci s horni mostovkou totiz nedochdzi k pfimému kontaktu mezi
povrchem ocelové nosné konstrukce a vodou z vozovky, kterd v zimnim obdobi obsahuje chemické
rozmrazovaci latky.

Z provedenych prohlidek zaméfenych na zhodnoceni vyvoje koroznich produktt vyplyva, Ze
na vSech posuzovanych mostnich konstrukcich se vytvofila dostateéné ochranna vrstva koroznich
produktd. V piipadech, kdy byly na mostni konstrukci identifikovany vyznamné poruchy ve vyvoji
patiny, mély tyto poruchy vzdy lokalni charakter. Napfiklad u mostl na dalnici D1 u Ostravy, které
maji hlavni nosniky ve tvaru svafeného I prifezu, predstavuji plochy s poruchami patiny maximalné
2 % ze vSech exponovanych povrchi ocelové konstrukce mostu. U mosti s komorovymi hlavnimi
nosniky bylo identifikovano maximalné 0,1 % korozné poskozenych ploch.

Nejcetngjsi pri¢inou vedouci k lokalnim porucham ve vyvoji patiny jsou netésnosti v systému
odvodnéni mostli a mostnich zavért. Poruchy jsou vSak zpiisobeny i jevy, které se pifi navrhu
konstrukce slozitéji predvidaji, napiiklad prostup vlhkosti a neCistot Sirokym zrcadlem mezi
soubéznymi konstrukcemi mostl v podélném oblouku. Podrobnéjsi rozbor jednotlivych typt poruch
je uveden v kapitole 2.4.

Za korozné vyznamné poruchy ve vyvoji patiny lze oznadit vSechny poruchy, které
z kratkodobého ¢i dlouhodobého hlediska mohou vést ke staticky nepfijatelnému koroznimu
oslabovani konstrukce. Nepfijatelné je rovnéz korozni poSkozeni konstrukce, které snizuje unavovou
odolnost konstruk¢nich detailti oproti hodnotam predpokladanym projektem [10 - 12].

Nekteré nedostatky ve vzhledu patiny nemaji charakter staticky vyznamnych poruch a lIze je
proto oznacit za poruchy vizualni. U téchto poruch nedochazi k nepfijatelnému koroznimu oslabovani
konstrukce. Tloustka koroznich produkti v oblasti zasazené vizualni poruchou je obdobna jako
u sousednich poruchou nezasazenych ploch. Velikost a Cetnost ¢astic ulpélych na otisku vrstvy rzi se
oproti sousednim plochym pfili§ neodlisuje.

Typickou vizualni poruchou patiny u mostii z patinujicich oceli je tmavsi a mirné objemné;jsi
patina v dolni ¢asti stén vysokych I nosniki nebo komorovych nosnikt, viz obrazek 3. Tento jev
nastava pouze na vnéjsich sténach hlavnich nosnikli. Zména v barvé a struktufe patiny je zptisobena
vy$§im ovlh¢enim stény v oblasti pfipojeni dolni pasnice (na pasnici se zadrzuje vice vlhkosti,
necistot a v zimnim obdobi také snih). Experimentalni méfeni provedena na mostnich konstrukcich
potvrdila, ze takto vizualn€ ovlivnéna patina je dostate¢né ochranna a ze nedochézi k vyraznéjsimu
oslabovani v porovnani s vySe umisténymi ¢astmi stény [7]. Zavazné poruchy byly zjistény pouze
pod netésnymi mostnimi zavery nebo pfi silné zanedbané udrzbe.
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Obr. 3: Vizualné ovlivnéna patina na stén¢ hlavnich nosniki v oblasti napojeni dolni pasnice:
vlevo — Zelezni¢ni most v Praze - Motole; vpravo — silni¢ni most v Bélotiné

U mostnich konstrukci s vysokymi nosniky mohou vznikat na sténach nosniki
charakteristické svislé stopy po stékajici zkondenzované vlhkosti. Vzdusna vlhkost kondenzuje
pfedev§im v horni ¢asti stény a na dolni plose horni pasnice. Ochranné funkce patiny neni stékajici
zkondenzovanou vlhkosti ovlivnéna.

Objemngéjsi korozni produkty ve srovnani se st€énou hlavnich nosnikti traimovych mostl s horni
mostovkou vznikaji na pasnicich nosnikli — konkrétni udaje pro mosty uvedené v tabulce 1 jsou
uvedeny v kapitole 2.3. Odlisna tloustka koroznich produktti na riznych typickych plochach nosné
konstrukce je ptirozeny jev [9]. Pokud ustalena tloustka vrstev rzi nepfesahuje hodnotu 350 pm, pak
ma patina pln€ ochranné vlastnosti.

2.3 Experimentalni méieni tloust’ky vrstev koroznich produktii

V nasledujici kapitole jsou uvedeny vysledky experimentdlniho méteni tlousték koroznich
produkti, které se vyvinuly na typickych plochach mostnich konstrukci uvedenych v tabulce 1. Na
kazdé hodnocené plose bylo provedeno a statisticky vyhodnoceno 30 méfeni. Zjisténé hodnoty
prumérnych tlousték koroznich produkti jsou uvedeny v tabulce 2. Vysledky méfeni uvedené
v tabulce 2 odpovidaji typickym povrchim mostnich konstrukci s vizualné pfiznivym vyvojem
koroznich produkti, povrchy nejsou vystaveny zatékani z netésného systému odvodnéni mostu.

Tab. 2: Primérné tloustky koroznich produkti na typickych plochach nosné konstrukce mosti

Testované konstrukce (viz tabulka 1)
Hodnoceny povrch
01 ‘ 02 | 03 ‘ 04 ‘ 05 ‘ 06 ‘ 07 ‘ 08
Primérné tloustky koroznich produktii na typickych plochach nosné konstrukce mosti [pm]
(v zavorce jsou uvedeny hodnoty variaéniho koeficientu V)

Vné;jsi sténa hlavniho nosniku 76,3 81,8 60,9 59,4 63,7 1271 90,9 67,4

! 0,21) | (0,32) | (0,25) | (0,22) | (0,27) | (0,36) | (0,29) | (0,37)
Vnéjsi sténa hlavniho nosniku v oblasti | 101,4 | 146,0 | 72,7 79,8 61,4 183,7 ) 68,5
nad dolni pasnici 0,35) | (0,28) | (0,40) | (0,35) | (0,28) | (0,30) (0,33)

c p p 76,9 96,8 77,6 65,7 53,6 110,3 108,9 68,5
Vnitini sténa hlavniho nosniku 019 | ©38) | ©25) | 028 | 029 | 024) | 022) | 027
Horni vnéjsi povrch dolni pasnice 207,0 | 206,3 | 149,6 | 134,8 91,3 272,0 ) 1204
hlavniho nosniku 0,26) | (0,19) | (0.21) | (0,25) | (0,25) | (0,18) (0,23)
Horni vnitini povrch dolni pasnice 167,9 2349 121,1 125,4 91,7 B B 122,0
hlavniho nosniku 0,22) | (0,26) | (0,14) | (0,25) | (0,28) (0,23)
Podhledova plocha horni pasnice 104,5 185,7 113,9 108,2 105,3 134,1 114,2 102,3
hlavniho nosniku nebo plech mostovky | (0,25) | (0,23) | (0,28) | (0,34) | (0,25) | (0,27) | (0,19) | (0,23)
Podhledova plocha dolni pasnice ) 80,1 118,0 73,6 66,7 1584 | 1682 | 112,8
hlavniho nosniku 0,28) | (0,30) | (0,48) | (0,24) | (0,31) | (0,26) | (0,28)
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Mostni konstrukce zahrnuté do programu experimentalniho méteni se nachazeji v odlisnych
lokalitach, mosty navic nejsou stejné staré. Pro vyhodnoceni vlivu polohy na prubéh koroznich
procesti proto neni pfili§ vhodné srovnavat absolutni hodnoty experimentalné zjiSténych udaja
zruznych konstrukci. Za srovnavaci kritérium byly proto zvoleny pomérové veliCiny vztazené
k vhodné referenéni plose, za kterou byla zvolena vnéjsi sténa hlavnich nosnikli mostu. Doba
expozice u mostll postavenych v roce 2008 byla v dobé méieni 7 let - vrstva koroznich produktd uz je
pomérné stabilni, ikdyz nelze vyloucit dal$i mirny nartst koroznich tlousték v prabéhu dalsi
expozice.

V zékladnim statistickém zhodnoceni experimentalné zméfenych vysledkdi jsou uvedeny
prumérné hodnoty (my) a variacni koeficienty (Vx) zjiSténych pomert tlousték koroznich produkti.
Z praktického hlediska je vhodné rovnéz ur€it hrani¢ni hodnoty ocekavanych vysledki, napiiklad 5%
a 95% kvantil. U zjisténych poméri tloustek koroznich produktti se predpokladd normalni rozdéleni
nahodné veli¢iny, pro odhad kvantilt 1ze proto pouzit vztahy uvedené v Eurokodech [13]:

Xo05 = My (1 =k, V) )
x0,95 = mx(l + anx) (2)

Hodnota koeficientu k, je zavisla na rozsahu nahodného vybéru (pro n = 6 je ky = 2,18; pron =7 je
kn=2,09; pro n =38 je k, =2,00).

Z hodnot uvedenych v tabulce 2 vyplyva, Ze nejvice objemné vrstvy koroznich produktl se
vytvoftily na hornich povrsich dolnich péasnic hlavnich nosnikii. Primérna hodnota tloustky patiny na
vnéjsich pasnicich je 2,19x vyssi ve srovnani s pfilehlou vnéjsi st€nou hlavniho nosniku (varia¢ni
koeficient uvedeného pomeéru je Vy = 0,19; 5% kvantil xops = 1,32; 95% kvantil xo9s = 3,05).
Maximalni primérnéd hodnota 272,0 um neptekracuje doporucenou piipustnou hodnotu pro plné
ochranné patiny rovnou 350 um [9]. Pro vnitini pasnice byla ve srovnéani s vnéjSimi pasnicemi
zjiSténa mirné nizs$i pramérna hodnota pomeéru tloustek vrstvy rzi mezi hodnocenou a referencni
plochou. Ve vztahu k referencni vnéjsi sténé hlavniho nosniku jsou primémné tloustky koroznich
produktii pfiblizné 2,08x vys$si (variacni koeficient uvedeného poméru je Vx = 0,21; 5% kvantil
X0,05 = 1,13; 95% kvantil X0,95 = 3,04).

Objemngjsi vrstva koroznich produktl se Cetnéji vytvari v dolni vnéjsi Casti stén hlavnich
nosnikd, tj. v oblasti pfipojeni dolni pasnice. Primérna tloustka koroznich produkti na sténé v oblasti
ptilehlé k dolni pasnici je pfiblizné 1,3 1nasobkem hodnot na bézné, referencni, plose stény (variacni
koeficient uvedené¢ho poméru je Vx = 0,19; 5% kvantil x5 = 0,77; 95% kvantil xo95s = 1,84).

Z porovnani koroznich procestl na vnéjSich a vnitinich sténach hlavnich nosnikd vyplyva, ze
tloustky koroznich vrstev se na obou typech povrchii pfili§ neli§i — praimérné tloustky na vnittnich
povrsich jsou 1,06nasobkem pramérnych tlousték vnéjsich referen¢nich povrchi (variacni koeficient
uvedeného poméru je Vi = 0,14; 5% kvantil x5 = 0,77; 95% kvantil x5 = 1,35).

Vyssi tloustky koroznich produktti byly v porovnani s referenc¢ni vnéjsi sténou zméfeny na
podhledovych plochach. U podhledové plochy horni pasnice, popt. plechu ortotropni mostovky, byl
zméfen 1,60nasobek primérné tloustky koroznich produkt referen¢ni stény (variacni koeficient
uvedeného poméru je Vy = 0,23; 5% kvantil xops = 0,88; 95% kvantil xo9s = 2,33). U podhledové
plochy dolnich pasnic jsou priamérné tloustky koroznich produktd 1,42x vys$§i ve srovnani
s referencni plochou (variacni koeficient uvedeného poméru je Vx = 0,25; 5% kvantil x5 = 0,67;
95% kvantil X0,95 = 2,18).

2.4 Zavislost mezi konstruk¢énim FeSenim mostu a poruchami ve vyvoji patiny
V nasledujici ¢asti jsou uvedeny nejcastéjsi pifi¢iny poruch ve vyvoji ochranné patiny na
mostnich konstrukcich s horni mostovkou. Pozornost je vénovana vhodnym konstrukénim opatienim,

pomoci kterych 1ze u nové navrhovanych konstrukci minimalizovat riziko vzniku poruch. Néktera
doporuceni lze také vyuzit pti opravach korozné poskozenych ¢asti konstrukei.

Netésnost mostnich zavért je jednou z nejcastéjsich pri¢in vyznamnych poruch vyvoje patiny
u mostit pozemnich komunikaci. Pfi navrhu mostnich konstrukci z patinujicich oceli je proto potieba
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eliminovat pocet mostnich zavéri na minimum. Toho Ize dosdhnout pfedevsim navrhem spojitych
mostnich konstrukci. Dal§i moznosti je navrhovani integrovanych mostt [14], u kterych je hlavni
nosna konstrukce mostu spojena se spodni stavbou do jednoho konstrukéniho celku a potieba
mostnich zavéri zcela odpada. V pribéhu navrhové Zivotnosti mostni konstrukce by mélo dochazet
k pravidelné kontrole a udrzbé mostnich zavérd. Tento dulezity piedpoklad casto neni u realné
provozovanych konstrukci naplnén, a proto je vhodné jiz pii navrhu nosné konstrukce mostu
preventivné uvazit situaci, kdy dojde k poruse tésnosti mostniho zavéru a k naslednému zatékani
vody a necistot z vozovky. Ukonceni nosné konstrukce nad opé€rou se proto doporucuje navrhnout
tak, aby ani pfi poruseni t€snosti mostniho zavéru nedochdzelo k vyznamnému zatékani na
nechranénou ocelovou konstrukei [9], viz obrazek 4.

MOSTNI ZAVER
/

/
7 7
1L
/ 20°az 30°
7, 7 \\ o
iy KONSTRKCE B2
// min 600 . PKO

Obr. 4: Vhodné ukonceni nosné konstrukce mostu u opéry; vlevo — doporucené rozméry;
vpravo — silni¢ni most v Brné

Vhodnym konstrukénim opatfenim je navrh Sikmych plechd mezi sténou hlavniho nosniku
a hranou dolni péasnice u nosnych profilti tvaru I, viz obrazek 5. Sikmé plechy mohou plnit riizné
funkce — zabrauji pfistupu nepovolanych osob na nosnou konstrukci mostu, lze je vyuzit i staticky
a v neposledni fadé zabranuji pronikani vody a necistot na horni plochu dolni pasnice a pfilehlou ¢ast
stény v misté opéry. Sikmé plechy je proto vhodné navrhovat pfedevsim v oblasti ukonéeni hlavnich
nosnikli u opéry mostu. Z korozniho hlediska je optimalni navrhovat Sikmy plech na délku pfiblizné
1,5n4sobku vysky ocelové konstrukce od ukonéeni hlavniho nosniku. Sikmé plechy je vhodné
navrhovat také u priénych vyztuh nosnych profild tvaru I, a to pfedev§im v piipadech, kdy panuje
obava z mozné kumulace necCistot a spadu rzi v oblasti napojeni pii¢né vyztuhy na dolni pasnici
hlavniho nosniku, naptiklad u pti¢nych vyztuh nad pilifi mostu, tvoficich bariéru vode¢ stékajici po
dolni pasnici hlavniho nosniku z ddvodu podélného sklonu nebo nadvyseni konstrukce.

Obr. 5: Priklady realizace Sikmych plechi: vlevo — Sikmy plech u opéry; vpravo — Sikmy plech
u svislé vyztuhy nad pilifem
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Ptipojeni pficné konzoly na hlavni nosnik je potfeba konstrukéné vyiesit tak, aby nemohlo
dochazet ke kumulaci prachu, necistot a uvolnéné rzi. Vznikly kout je vhodné zakryt Sikmym
plechem, naptiklad podle obrazku 6. Piiklad nevhodného feSeni pfipojeni pricné konzoly na hlavni
nosnik, kdy dochazi k zadrzovani necistot v koutu bez Sikmého plechu, je uveden na obrazku 7.

A-A

100

‘ 30° az 45°

_4»:

Obr. 7: Priklad ptipojeni pti¢né konzoly na hlavni nosnik — v koutu se kumuluji necistoty

Jednou z nejéetnéjsich piicin poruch ve vyvoji patiny je zatékani ze systému odvodnéni mostu.
nedostateénou kontrolou a udrzbou provozovanych konstrukci. K minimalizaci poruch od zatékani
Ize vSak prispét i vhodnym navrhem systému odvodnéni. Svislé odtokové trubky prochazejici deskou
mostovky maji mit dostatecnou délku, aby i pii silném vétru nedochazelo ke smaceni ocelové
konstrukce pod deskou (priklad zdvazné poruchy od chybéjici odvodiovaci trubky izolace mostovky
je uveden na obrazku 8). Pocet odtokovych trubek mé byt minimalni. Optimalni je takovyto systém
odvodnéni vliibec nenavrhovat a pouzivat podélny odvodiiovaci systém.

zatékani na OK

Obr. 8: Priklad lokalni poruchy od zatékani z nefunkéniho systému odvodnéni
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U mostl, které jsou tvofeny dvéma soub&znymi samostatnymi konstrukcemi, je potfeba
zabranit pronikani necistot a vlhkosti do vnitiniho prostoru mezi obéma mosty, viz obrazek 9. Vnitini
nosniky totiz nejsou dostatecné vétrany, necistoty a odstfikujici voda z vozovky se tak snadno usazuji
na dolnich pésnicich. Problémy mohou nastat pfedev$im u soub&éznych mostil s Sirokym nezakrytym
zrcadlem, které jsou ve smérovém oblouku (vySkova troven okrajii mostl v zrcadle je odlisna -
necistoty a odstfikujici voda z vozovky se koncentruji na dolni pasnici mostu s vyssi Grovni okraje
v zrcadle mostu).

ropustny ros$ R e
NEVHODNE %% / \
vz AR/ , Z
I I~ 1 1
nedostateény presah
) . b LN
VHODNE nepropustné zakryti / \
R W,

I I 1T T 1

Obr. 9: Soubézné mostni konstrukce

min 45°

Prostor mezi soubéznymi konstrukcemi je potieba nepropustné zakryt v oblasti ,,parkovacich*
pozic reviznich lavek, viz obrazek 10. Zaroven je potieba dostate¢né UCinné vyfeSit systém
odvodnéni lavek, aby nemohlo dochazet ke zvySenému ovlhcovani pfilehlé ocelové konstrukce od
vody stékajici z revizni lavky.

Obr. 10: ,,Parkovaci pozice reviznich 1avek mostl — priklady: vlevo — dostatecné zakryti zrcadla
mezi soub&éznymi mosty; vpravo — lokalni porucha patiny od zatékani z revizni lavky

Pfi navrhu mostnich konstrukci s omezenym provétravanim, které vedou nad provozovanou
silnicni komunikaci, je potieba uvazit mozny efekt usazovani chloridi na nepiimo ovlhcovanych
plochach dolnich pésnic mosti. Jedna se pfedev§sim o mosty, které svym konstrukénim feSenim
vytvoii lokalni mikroklima podobné podminkam v tunelech. Panuje-li obava z mozného usazovani
chloridii na dolnich pasnicich, pak se doporucuje opatfit celou délku dolnich pasnic Sikmymi plechy
mezi sténou hlavniho nosniku a hranou dolni pasnice, viz obrazek 5.

3 ZAVER

Pouziti patinujicich oceli pro mostni konstrukce mize byt v fadé pfipadi vyhodnéjsi
v porovnani s ocelovymi konstrukcemi chranénymi tradiénimi systémy protikorozni ochrany.
K patinujici oceli v8ak nelze pfistupovat jako ke konstrukénimu materidlu, ktery je vSestranné
pouzitelny pro Sirokou $kalu ocelovych konstrukei a konstrukénich systémi. Zasadni podminkou
vhodného uplatnéni patinujicich oceli jako konstrukéniho materidlu je respektovani specifickych
pozadavkl souvisejicich s pouzitim patinujici oceli — konstrukce musi byt umistény ve vhodném
prostredi, pii navrhu konstrukéniho systému je potieba respektovat zasady vhodného dispozi¢niho
a konstrukéniho uspotfadani, velmi dilezitym faktorem je rovnéz pravidelnd kontrola a udrzba
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konstrukei. Pfi dodrzeni zasad spravného navrhu, vyroby a udrzby konstrukci se mohou vyrazné
uplatnit vS§echny vyhody plynouci z pouziti patinujicich oceli jako konstrukéniho materialu. Hlavnimi
pfinosy oproti konstrukcim, které jsou chranéné tradi¢nimi systémy protikorozni ochrany, jsou nizsi
pofizovaci naklady na vyrobu a montaz a vyrazné nizsi naklady souvisejici s dlouhodobou tdrzbou
konstrukce. Konstrukce navrzené z patinujicich oceli podstatné méné zatézuji zivotni prostredi
v porovnani s konstrukcemi chranénymi pred korozi pomoci natérovych systémil. V soucasné dobé
jiz neni potfebné provadét rocni korozni zkousky v lokalité projektovanych konstrukei. Jednim
z dtivodi je vyrazné snizeni korozni agresivity na tizemi Ceské republiky po realizace odsifeni viech
velkych a stiednich zdrojii zne¢isténi ovzdusi. Dale byla v roce 2010 [9] vypracovana mapa Ceské
republiky s koroznimi ubytky patinujicich oceli, ktera byla v roce 2014 aktualizovana. Tyto podklady
mohou napomoci pii navrhovani mostnich konstrukei z této oceli.

(1]
(2]
(3]
(4]

(3]
(6]
(7]
(8]
(9]
[10]
[11]
[12]
[13]

[14]

PODEKOVANI
Piispévek byl realizovéan za finanéniho piispéni Grantové agentury CR, projekt ¢. 13-16124P.

LITERATURA

ALBRECHT, P. & HALL, T.T. Atmospheric corrosion resistance of structural steel. Journal
of Materials in Civil Engineering. 2003, Volume 15, Issue 1, pp. 2-24. ISSN 0899-1561.
MORCILLO, M. et al. Weathering steels: From empirical development to scientific design.
A review. Corrosion Science. 2014, Volume 83, pp. 6-31. ISSN 0010-938X.

MORCILLO, M. et al. Atmospheric corrosion data of weathering steels. A review. Corrosion
Science. 2013, Volume 77, pp. 6-24. ISSN 0010-938X.

ROZLIVKA, L. & KRIVY, V. Uziti patinujicich oceli Atmofix pro vyrobu mostd. In Shornik
46. celostatni konference OK. Hustopede: Cesky svaz védeckotechnickych spoleénosti, 2008,
s. 18-20. ISBN 978-80-02-02061-5.

KNOTKOVA, D. et al. Atmospheric corrosion testing in Czechoslovakia. In Ailor, W.H.
(Ed.). Atmospheric Corrosion. New York: John Wiley and Sons, 1982, pp. 991-1014.
PECHAL, A. Mosty. Bridges. Bro: Vydavatelstvi Antonin Pechal, CSc., 2009. ISBN 978-80-
254-5279-0.

KRIVY, V. et al. Program of experimental atmospheric corrosion tests of weathering steels.
Koroze a ochrana materialu. 2015, 59(1), pp. 7- 18. ISSN -1213.

YAMAGUCHI, E. Maintenance of Weathering steel bridges. Steel Construction
Today & Tomorrow. 2015, No. 45, pp. 12-15.

KRIVY, V. et al. Smérnice pro pouzivini oceli se zvySenou odolnosti proti atmosférické
korozi Praha: SVUOM Praha, 2011. ISBN 978-80-87444-05-4.

ALBRECHT, P. & SIDANI, M. Fatigue strength of Weathering steel for Bridges. College
Park: University of Maryland, Department of Civil Engineering, 1987.

ALBRECHT, P. & LENWARI, A. Fatigue Strength of Weathered A588 Steel Beams. Journal
of Bridge Engineering. 2009, Volume 14, Issue 6, pp. 436-443. ISSN 1084-0702.

KUNZ, L. etal. Fatigue Strength of Weathering Steel. Materials Science (Medziagotyra).
2012, Volume 18, Issue 1, pp. 18-22. ISSN 1398-1320.

HOLICKY, M & MARKOVA, J. Zisady navrhovani stavebnich konstrukci. Prirucka k CSN
EN 1990. Praha: CKAIT, 2007. ISBN 978-80-87093-27-6.

ILES, D.C. Composite highway bridge design. Berkshire: The Steel Construction Institute,
2010. ISBN 978-1-85942-188-8.

Oponentni posudek vypracoval:
Doc. Ing. Michal Tomko, PhD., Katedra stavebnej mechaniky, Stavebna fakulta, TU v KoSiciach.
Ing. Jakub Tkacz, Ph.D., Centrum materidlového vyzkumu, Fakulta chemickd, VUT v Brné¢.

20



Sbornik védeckych praci Vysoké §koly bainiské - Technické univerzity Ostrava
fada stavebni, ro¢nik 15, ¢islo 2, rok 2015
¢lanek ¢. 3

David KANIA!
HODNOCENI ROZVOJOVYCH ASPEKTU STREDOEVROPSKYCH LETIST

EVALUATION THE DEVELOPMENT ASPECTS OF CENTRAL EUROPEAN AIRPORTS
Abstrakt

Clanek se zabyva hodnocenim rozvojovych aspekti regionalnich letist v $ir§im geopolitickém
prostoru Stfedni Evropy. Ta je definovana celkem deviti statnimi celky, které se obecné déli na
Alpské zemé (Némecko, Rakousko, Svycarsko, Slovinsko a Lichtenstejnsko) a Visegradskou ¢étyfku
(Cesko, Madarsko, Slovensko, Polsko). U jednotlivych letist byly hodnoceny vlivy parametrti
vzletové a pristavaci drahy, udaje o poctu obyvatel pfislusného sidelniho utvaru (mésta nebo
aglomeraci, u kterych je letist¢ umisténo), poloze vii¢i centru mésta a jeho dopravniho napojeni ve
vztahu ke statistickym datiim z obdobi let 2009 — 2013, ktera mapuji pocet odbavenych cestujicich,
pocty pohybii letadel (vzletl a pfistani) a mnozstvi odbaveného cargo nakladt v tunach. Cilem ¢lanku
je vyhodnoceni vztahi a zavislosti jednotlivych zkoumanych jevi, popis vyslednych
nejvyznamnéjsich rozvojovych aspektti a navrh aplikaci vyuZitelnych pro regionalni letisté v Ceské
republice.
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Letisté; mezinarodni letiste; regiondlni letisté; rozvoj; uzemni planovani; rozvojové aspekty.
Abstract

This Academic Article deals with the evaluation of the developmental aspects of regional
airports in a wider geopolitical space of Central Europe. It is defined by a total of nine States, which
are generally divided into Alpine countries (Germany, Austria, Switzerland, Slovenia and
Liechtenstein) and the Visegrad Four (Czech Republic, Hungary, Slovakia and Poland). Individual
airports are evaluated in terms of the effects of runway parameters, population of the relevant
settlement unit (city or agglomeration where the airport is located), position relative to the city center
and its transport connectivity in relation to 2009-2013 statistical data, which map the number of
passenger movements, the number of aircraft movements (takeoffs and landings) and the amount of
cargo movements in tones. The Academic Article aims to analyse the parameters of the selected
airports, statistically evaluate the relationships and dependencies between the various parts of the
phenomena being studied, describe the resulting most important developmental aspects and propose
applications useful for regional airports in the Czech Republic.
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1 UVOD

Letecka doprava je mezi znamymi druhy dopravy osob a zbozi nejmlad$im druhem dopravy.
Pokusy lidstva vzlétnout jsou dokumentovany az do 2. tisicileti pf. n. 1. Prvni zaznamenané lety
motorovym letadlem provedli bratii Wrightové v roce 1903. Zakladatelem ¢eské letecké tradice se
stal Jan Kaspar, jenz v roce 1911 podnikl prvni let s cestujicimi z M¢lnika do Prahy. Pro bezpecnost
provozu letadel nastala okamzitd potieba lokalizovat vhodna mista, kde bude mozno bezpecné
vzlétnout a bezpecn¢ pristat — letiSte.

V pribéhu svého vyvoje zaznamenala letecka doprava dramaticky rozmach a dnes si bez ni
nelze piedstavit obranu statd a alianci, mezinarodni obchod a cestovatelsky ruch. Letecka doprava je

7
vev T

dnes nejrychlejii, nejbezpedndjsi a nejpohodingjsi zpasob dopravy osob.

Mezinarodni leti$té maji vyznamnou roli v dopravni infrastruktufe kazdého statu, protoze
prispivaji k celkovému ekonomickému ristu. Ekonomicky rist ovliviiuje predevim vhodna
lokalizace letisté a také stala poptavka po letecké dopravé. Pokud jsou tyto atributy splnény, lze
leti§td povazovat za misto ristu a rozvoje, ktery zvySuje zaméstnanost a napoméhd dalsimu
izemnimu rozvoji.

Stavby letist’ jsou z pohledu uzemniho planovani inzenyrsky narocné stavby vyzadujici zabor
velkych ploch, které ptinaseji do Sirokého uzemi celou fadu limiti. VétSina zkoumanych letist’
vznikla v obdobi po druhé svétové valce s piichodem masivniho vyuZzivani velkych dopravnich
letound a to bud’ rozvojem v misté stavajicich letist, nebo castéji vybudovanim nového letisté
v lokalité vybrané s ohledem na budouci rozvoj. Da se konstatovat, Ze pii stale rostoucich vykonech
letecké dopravy se soucasna velka letisté dostanou na sva kapacitni maxima, ktera jiz nebude mozno
prekrocit. Jedinecné postaveni letisté v prislusném geografickém prostoru je soucasné i jeho
obrovskou nevyhodou, protoZze umoznuje rozvoj pouze v jeho hranicemi definovaném prostoru.
Rozvoj letist’ je zaroven omezen vSemi negativnimi dopady na okoli letisté, zejména dopadem na
zivotni prostredi.

Novi letisté se ve svété stavi predevsim v rychle rostoucich ekonomikach, jako je Cina, Indie
nebo Spojené Arabské Emiraty. Uzemni limity pro né nejsou piekazkou a dopad na Zivotni prostiedi
leckdy vubec netesi.

Vzhledem ke skutecnosti, Ze budovani novych letist’ na ,,zelené louce je v prostoru Evropy
téméf nemozné, je potfeba zaméfit se na rozvojové aspekty stavajicich regionalnich letist’, které po
vycCerpani kapacity velkych letist hlavnich mést a evropskych HUBU s nadnarodnim pifesahem
s mezikontinentalnimi lety, budou zpravidla jedinym moZznym mistem pro dal$i rozvoj letecké
dopravy, nebot’ jsou ve svém prostoru jiz pevné ukotvena. Jsou fadné povolena a provozovana, maji
veskeré certifikace, vyhlaSend ochrannd pasma a jsou vybavena dobfe fungujici infrastrukturou.
Sledovana letist¢ maji zpravidla vybudovany drahovy systém s délkou vzletové a pristavaci drahy
minimaln€ 2 500 m, umoziujici komer¢ni obchodni dopravu bézné pouzivanymi typy letounti, coz je
zakladni ptredpoklad jejich dalSiho vyvoje a z4jmu o né. Daéle jsou vybavena pojizdécimi drahami,
manévrovacim a parkovacim prostorem pro letadla, odbavovacimi budovami pro cestujici a zbozi,
zafizenimi pro opravu a udrzbu letadel, zafizenimi pro pozemni obsluhu, dopliiovanim leteckych
pohonnych hmot, zdchrannymi a pozarnimi sluzbami, cateringem a administrativnimi budovami. Aby
jejich dalsi rozvoj nebyl v budoucnu limitovany nedostatkem potencialu rozvoje, je potieba vytipovat
vSechny dilezité rozvojové aspekty a zalit je ukotvovat v systému uzemnich plant a dal$ich uzemné
planovacich dokumentacich. Na téma hodnoceni rozvojovych aspekti letist s ohledem na ukoly
tzemniho planovéni se nepodafilo najit relevantni védecké prace, s jejichz reserSemi by bylo mozno
konfrontovat vysledky této prace.

2 VYBRANA LETISTE STREDNI EVROPY
Stfedni Evropa je definovana celkem deviti statnimi celky:

5 Alpske zemé: Némecko (Spolkova republika Némecko), Rakousko (Republika Rakousko),
Svycarsko (Svycarska konfederace), Slovinsko (Republika Slovinsko) a Lichtenstejnsko.
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Visegradska ¢tyika: Cesko (Ceska Republika), Mad'arsko (Mad'arska republika), Slovensko
(Slovenska republika), Polsko (Polska republika).

2.1 Spolkova republika Némecko

Jedna se o stat s nejvyspélejsi a nejrozsahlejsi leteckou dopravou ze vsech sledovanych stati.
U tohoto statu tak doslo k pomérné velké selekci ve vybéru letist. Vybrana tak byla letisté hlavnich
meést spolkovych zemi, v ptipadé, Ze toto mésto nelezi v centru zeme¢ a zemé ma protahly tvar nebo je
vyraznéji rozsahlejsi pak bylo jesté vybrano letisté s vétsi spadovou oblasti a s odpovidajici drahou.

Tab. 1: Spolkova republika Némecko — seznam letist’

mésto kod IATA letiSté
Baden-Baden / Karlsruhe FKB Baden Airpark
Berlin SXF Berlin Schonefeld Airport
Berlin TXL Berlin Tegel Airport
Bremen BRE Bremen Airport
Ko6In / Bonn CGN Cologne Bonn Airport
Dresden DRS Dresden Airport (Dresden-Klotzsche Airport)
Diisseldorf DUS Diisseldorf Airport
Erfurt ERF Erfurt-Weimar Airport
Frankfurt am Main FRA Frankfurt Airport (Frankfurt am Main Airport)
Hahn HHN Frankfurt-Hahn Airport
Hamburg / Fuhlsbiittel HAM Hamburg Airport (Hamburg-Fuhlsbiittel Airport)
Hannover HAJ Hannover-Langenhagen Airport
Leipzig LEJ Leipzig/Halle Airport (Schkeuditz Airport)
Munich MUC Munich Airport
Nuremberg NUE Nuremberg Airport
Paderborn / Lippstadt PAD Paderborn Lippstadt Airport
Rostock RLG Rostock-Laage Airport
Stuttgart STR Stuttgart Airport

2.2 Republika Rakousko

Vzhledem ke geomorfologii (Alpy) je pocet letist pomérné maly. Vybrana byla vSechna
mezindrodni letisté s pravidelnou obchodni dopravou a drahou délky alesponi 2.000 m.

Tab. 2: Republika Rakousko — seznam letist’

mésto kod IATA letiSté
Graz GRZ Graz Airport (Thalerhof Airport)
Innsbruck INN Innsbruck Airport (Kranebitten Airport)
Klagenfurt KLU Klagenfurt Airport (Woerthersee Airport)
Linz LNZ Linz Airport (Blue Danube Airport)
Salzburg SZG Salzburg Airport (W. A. Mozart Airport)
Wien (Vienna) VIE Vienna International Airport (Schwechat Airport)

2.3 Svycarska konfederace

Ve Svycarsku je vzhledem k velikosti zemé pomémé velké mnozZstvi mezinarodnich letist.
Hodné je jich v8ak umisténo v horskych oblastech Alp, maji kratkou drahu a slouzi zejména pro
vseobecné letectvi nebo pro sezonni pravidelnou a nepravidelnou dopravu, ale o malych objemech.
Letisté s delsi drahou maji pouze Gtyii mésta — Zeneva, Bern, Curych a Basilej, pfiemz basilejské
letiSté je na uzemi Francie a slouZi i pro francouzskd mésta. Proto nebylo vybrano.
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Tab. 3: Svycarska konfederace — seznam letist

mésto kod IATA letisté
Bern / Belp BRN Bern Airport (Bern-Belp Airport)
Genéve GVA Geneva Cointrin International Airport
Ziirich / Kloten ZRH Zurich Airport (Kloten Airport)

2.4 Republika Slovinsko

Na uzemi statu jsou pouze tii vefejna mezinarodni letisté. Kromé letisté hlavniho mésta jeste
Maribor a Portoroz. Letisté Portoroz je malé letisté slouzi zejména pro potieby rekreacni oblasti.
Podle sdé€leni pracovniki letisté je zde pouze vSeobecné letectvi a sportovni lety. Leti§té Maribor ma
pravidelnou a hlavné nepravidelnou dopravu, ale zatim ve velmi malych objemech, které pomérné
vyrazné kolisaji, neddvno zde byl otevien novy terminal s konecnou ro¢ni kapacitou az 600.000
cestujicich. Presné statistické tidaje se vsak pies nékolik urgenci od letisté nepodafilo ziskat.

Tab. 4: Republika Slovinsko — seznam letist’

mésto kod IATA leti§té
Ljubljana LJU Ljubljana Joze Puénik Airport
Maribor MBX Maribor Edvard Rusjan Airport
Portoroz POW Portoroz Airport

2.5 Ceska republika

Vybrina byla viechna vefejna mezinarodni letisté v Ceské republice s pravidelnou
a nepravidelnou obchodni dopravou.

Tab. 5: Ceska republika — seznam letist

mésto kod IATA letisté
Praha PRG Véclav Havel Airport
Ostrava OSR Leos Janacek Airport Ostrava
Brno BRQ Brno-Tufany Airport
Pardubice PED Pardubice Airport
Karlovy Vary KLV Karlovy Vary Airport

2.6 Mad’arska republika

Je mozné konstatovat, ze tento stat ma nejmensi ,hustotu® mezindrodnich letist’ ze vSech
sledovanych stati. V Madarsku funguji pouze dvé letisté s viceméné pravidelnou mezinarodni
obchodni dopravou — letist¢ Budapest’ a Debrecen, pficemz letist¢ Budapest je v podstaté jedinym
letistém s pribéznou celoro¢ni pravidelnou a nepravidelnou dopravou. Letist¢ Debrecen vykazuje
pomérné malé vykony s velkymi vykyvy. Z dalSich letist’ stoji za zminku uz jen letisté Sarmellék na
jihozapadnim okraji Balatonu, jedna se vsak jen o sezonni letisté rekreacni oblasti.

Tab. 6: Mad’arska republika — seznam letist

mésto kod IATA leti§té
Budapest BUD Budapest Ferenc Liszt International Airport
Debrecen DEB Debrecen International Airport
Sarmellék SOB Héviz-Balaton Airport
Gy6r-Pér QGY GyOr-Pér International Airport
Pécs-Pogany QPJ Pécs-Pogany International Airport
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2.7 Slovenska republika

Vzhledem k poctu letist a blizkosti ke sledovanému regionu jsou uvedena vSechna
mezinarodni leti$té. Statistické idaje jsou vSak uvedeny jen u tii letist’ (Bratislava, KoSice a Poprad-
Tatry). Na ostatnich letiStich neni pravidelnd doprava, jen pfilezitostna, nepravidelna, ktera také
vykazuje velké vykyvy.

Tab. 7: Slovenska republika — seznam letist’

mésto kod IATA leti§té
Bratislava BTS M. R. Stefanik Airport (Bratislava Airport)
Kosice KSC Kosice International Airport
Piestany PZY Piestany Airport
Poprad TAT Poprad-Tatry Airport
Slia¢ SLD Slia¢ Airport (Public / Military)
Zilina ILZ Zilina Airport

2.8 Polska republika

Stat s druhym nejvétSim poctem letist, kterd se pomérné dynamicky rozvijeji, stejné jako
navazujici dopravni infrastruktura. Byla vybrana v podstaté¢ vSechna letist¢ s pravidelnou
a nepravidelnou obchodni dopravou a s délkou RWY min. 2.500 m. Zajimavosti je skutecnost,
ze velké mnozstvi letist’ jsou byvala vojenska letiste.

Tab. 8: Polska republika — seznam letist’

mésto kéd IATA letisté
Warsawa WAW Warsaw-Chopin Airport
Krakow KRK John Paul II International Airport Krakow—Balice
Gdansk GDN Gdansk Lech Walgsa Airport
Katowice KTW Katowice International Airport
Wroctaw WRO Wroctaw-Copernicus Airport
Poznan POZ Poznan—tawica Henryk Wieniawski Airport
Rzeszow RZE Rzeszow-Jasionka Airport
Lodz LCJ 1.6dz Wiadystaw Reymont Airport
Szczecin SZ7Z "Solidarity" Szczecin-Goleniow Airport
Bydgoszcz BZG Bydgoszcz Ignacy Jan Paderewski Airport
Lublin LUZ Lublin Airport

3 HODNOCENI VYBRANYCH EVROPSKYCH LETIST

Z celkového poctu hodnocenych letist’ jsou po statistickém vyhodnoceni poctu cestujicich
odbavenych v obdobi let 2009 az 2013 detekovany dvé extrémni hodnoty z hlediska poctu cestujicich
— Frankfurt (Frankfurt Airport - primérny roéni pocet odbavenych cestujicich 55 187 053), Mnichov
(Munich Airport - primérny roéni pocet odbavenych cestujicich 36 439 924) a dvé odlehlé Curych
(Ziirich Airport - primérny roéni pocet odbavenych cestujicich 23 725 923) a Viden (Vienna
International Airport - primérny ro¢ni pocet odbavenych cestujicich 20 615 464). Primérna ro¢ni
hodnota poétu odbavenych cestujicich vsech sledovanych letist’ je 6 050 999 osob. Z letist Ceské
republiky vykazuje nadprimérné hodnoty poctu odbavenych cestujicich pouze Praha (Vaclav Havel
Airport - primérny ro¢ni pocet odbavenych cestujicich 11 343 749).

Po statistickém vyhodnoceni poétu pohybu letadel v obdobi let 2009 az 2013 je detekovéana
jedna extrémni hodnota z hlediska poctu pohybt letadel — Frankfurt (Frankfurt Airport - primérny
ro¢ni pocet pohybti 467 726), a jedna odlehla hodnota Mnichov (Munich Airport - primérny ro¢ni
pocet pohybtt 385 010). Primérna ro¢ni hodnota poctu pohybi letadel vSech sledovanych letist’ je
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70 581 pohybil. Z letist’ Ceské republiky vykazuje nadprimérné hodnoty poétu pohybti pouze Praha
(Véclav Havel Airport - primérny ro¢ni pocet pohybi 146 156).

Z celkového poctu hodnocenych letist’ je po statistickém vyhodnoceni mnozstvi odbaveného
cargo nakladu v tunach v obdobi let 2009 az 2013 naprosta vét§ina hodnot do 90 000 tun za rok.
V souboru se nachazi pét extrémnich hodnot — Frankfurt (Frankfurt Airport - primérné mnozstvi
odbaveného cargo nakladu 2 141 056), Kolin/Bonn (Ko6ln Bonn Airport - primérmné mnozstvi
odbaveného cargo nakladu 690 272), Curych (Ziirich Airport - primérné mnozstvi odbaveného cargo
nakladu 400 920), Mnichov (Munich Airport - primérné mnozstvi odbaveného cargo nakladu
294 373), Viden (Vienna International Airport - primérné mnozstvi odbaveného cargo nakladu
267 230). Primérna ro¢ni hodnota mnozstvi odbaveného cargo nékladu vsech sledovanych letist’ je
105 161 tun. Z letist Ceské republiky nevykazuje nadpriimémé hodnoty mnozstvi odbaveného cargo
nakladu zadné letiste.

Po statistickém vyhodnoceni zavislosti mnozstvi poctu cestujicich vi¢i po¢tu pohybl v obdobi
let 2009 az 2013 mizeme konstatovat, Ze primérny pocet osob na jeden let je 66 (65,8244). Nejvyssi
pomér prumérného poctu cestujicich na jeden let vykazuje Frankfurt (Frankfurt Airport - primérny
pocet cestujicich na jeden pohyb je 118 osob). Nejnizsi hodnotu naopak vykazuje Poprad (Poprad-
Tatry Airport - primérny pocet cestujicich na jeden pohyb jsou 4 osoby)

Z celkového poctu hodnocenych letist muzeme po statistickém vyhodnoceni zavislosti
mnozstvi poctu cestujicich vii¢i odbavenému cargo nakladu v tunach v obdobi let 2009 az 2013 velmi
obecn¢ konstatovat zavislost, ze ¢im vic odbavenych cestujicich, tim vic odbaveného cargo nakladu.
Nejniz§i hodnotu poméru vykazuji extrémni hodnoty Bydgoszcz, Salcburk, Paderborn, Poznan
a odlehlou hodnotu Dresden. Tato letisté se vyrazné nespecializuji na pfepravu cargo ndkladu a
upfednostiluji pouze piepravu osob.

VétSina z hodnocenych letist (34 letist) ma pouze jednu RWY, dvé RWY ma 12
z hodnocenych letist’, tfi RWY maji 2 z hodnocenych letist' a 4 RWY ma pouze jedno letisté. Obecné
Ize konstatovat, ze ¢im vice vzletovych a pfistavacich drah ma letisté k dispozici, zvySuje se umérné
pocet cestujicich. Z vysledkti lze usoudit, Ze neni statisticky vyznamny rozdil mezi poctem
cestujicich na letiStich, které maji dvé a tii vzletové a pristavaci drahy. Vysledek ale muze byt
ovlivnén malym poctem letist’ se ttemi RWY v Setfeni.

Po statistickém vyhodnoceni zavislosti mnozstvi poctu cestujicich vici poloze letisté k centru
meésta v obdobi let 2009 az 2013 vyplyva, ze se poloha letisté vici nejblizSimu méstu vyznamné
nepodili na po¢tu odbavenych cestujicich.

Z celkového poctu hodnocenych letist’ vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi poétu cestujicich viéi poCtu obyvatel mésta, ze pocet obyvatel se projevi na poctu
cestujicich hlavné u nejvétsich aglomeraci s poctem obyvatel nad 1 milion.

Po statistickém vyhodnoceni zavislosti mnozstvi poctu cestujicich viici pfimému zelezni¢nimu
napojeni letisté vyplyva, ze letisté s pfimym Zelezni¢nim napojenim vykazuji mnohem vys$si hodnoty
u poctu odbavenych cestujicich nez letist€ bez piimého Zelezni¢niho napojeni.

Z celkového pocétu hodnocenych letist’ vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi poctu cestujicich viici priméstskému zelezni€nimu napojeni letisté, ze letisteé s pfiméstskym
zelezni¢nim napojenim vykazuji mnohem vyssi hodnoty u poétu odbavenych cestujicich nez letisté
bez ptiméstského Zelezni¢niho napojeni.

Po statistickém vyhodnoceni zavislosti mnozstvi poc¢tu cestujicich viici blizkému dalni¢nimu
napojeni leti§té vyplyva, ze letisté¢ s blizkym dalni¢nim napojenim vykazuji mnohem vyssi hodnoty
u poctu odbavenych cestujicich nez letiste bez blizkého dalni¢niho napojeni letiste.

Z celkového poétu hodnocenych letist' vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi poétu pohybt letadel viiéi poétu vzletovych a pristavacich drah v obdobi let 2009 az 2013
vliv po¢tu RWY na pocet pohybl letadel. Obecné lze konstatovat, ze ¢im vice vzletovych a
pristavacich drah ma letisté¢ k dispozici, zvySuje se imérné pocet pohybu letadel. Z vysledki 1ze
usoudit, ze neni statisticky vyznamny rozdil mezi poctem pohybt letadel na letiStich, které maji dveé a
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tfi vzletové a pristavaci drahy. Vysledek ale mize byt ovlivnén malym poétem letist’ se tfemi RWY
v Setfeni.

Po statistickém vyhodnoceni zavislosti mnozstvi po¢tu pohybl letadel vici poloze letiste
k centu mésta v obdobi let 2009 az 2013 vyplyva, Ze se poloha letisté vici nejbliz§imu méstu nepodili
vyznamn¢ na poc¢tu pohybi letadel.

Z celkového poctu hodnocenych letist vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi poctu pohybu letadel vici poctu obyvatel mésta, ze pocet obyvatel se projevi na poctu
pohybt letadel hlavné u nejvétsich aglomeraci s poctem obyvatel nad 1 milion.

Po statistickém vyhodnoceni zavislosti mnozstvi poc¢tu pohybt letadel vici pfimému
zelezniCnimu napojeni letiste vyplyva, ze leti§té s piimym Zelezni¢nim napojenim vykazuji mnohem
vy$si hodnoty u poctu pohybt letadel nez letisté bez piimého zelezni¢niho napojeni.

Z celkového poétu hodnocenych letist' vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi poctu pohybl letadel vuci piiméestskému zelezniénimu napojeni letisté, Ze letiste
s pfiméstskym Zelezni¢nim napojenim vykazuji mnohem vyss§i hodnoty u poctu pohybu letadel nez
letisté bez pfiméstského Zelezni¢niho napojeni.

Po statistickém vyhodnoceni zavislosti mnozstvi poctu pohybl letadel vici blizkému
dalniénimu napojeni letisté¢ vyplyva, ze letisté s blizkym dalniénim napojenim vykazuji mnohem
vy$$i hodnoty u poctu pohybt letadel nez letisté bez blizkého dalni¢niho napojeni.

Po statistickém vyhodnoceni zévislosti mnozstvi odbaveného cargo nakladu vii¢i poctu
vzletovych a pfistavacich drah vliv poétu RWY na mnozstvi odbaveného cargo nakladu lze
konstatovat, ze ¢im vice vzletovych a pfistavacich drah ma letist¢ k dispozici, zvySuje se umérné
mnozstvi odbaveného cargo nakladu. Z vysledku lze usoudit, Ze neni statisticky vyznamny rozdil
mezi mnozstvim odbaveného cargo nakladu na letiStich, které maji dvé a tii vzletové a pristavaci
drahy. Vysledek ale mtize byt ovlivnén malym poctem letist’ se ttemi RWY v Setfeni.

Z celkového poctu hodnocenych letist vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi odbaveného cargo nakladu vici poloze letisté k centu mésta, ze se poloha leti§té vuci
nejbliz§imu méstu vyznamné nepodili na mnozstvi odbaveného cargo nakladu.

Po statistickém vyhodnoceni zévislosti mnozstvi odbaveného cargo nakladu vici poctu
obyvatel mésta vyplyva, ze mnozstvi odbaveného cargo nakladu se projevi hlavné u nejvétSich
aglomeraci s poctem obyvatel nad 1 milion.

Z celkového poctu hodnocenych letist vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi odbaveného cargo nakladu vici pfimému Zeleznicnimu napojeni letiste, Ze letiSté s pfimym
zelezni¢nim napojenim vykazuji mnohem vyssi hodnoty u mnozstvi odbaveného cargo nakladu nez
letisté bez pfimého Zelezni¢niho napojeni.

Po statistickém vyhodnoceni zavislosti mnozstvi odbaveného cargo nakladu vuci
priméstskému zelezni¢nimu napojeni letisté vyplyva, ze letisté s priméstskym Zelezni¢nim napojenim
vykazuji téméf stejné hodnoty u mnozstvi odbaveného cargo nakladu jako letist¢ bez piiméstského
zelezni¢niho napojeni.

Z celkového poctu hodnocenych letist vyplyva po statistickém vyhodnoceni zavislosti
mnozstvi odbaveného cargo nakladu vuci blizkému dalni¢nimu napojeni letiste, ze letiste¢ s blizkym
dalni¢nim napojenim vykazuji téméf stejné hodnoty u pocétu pohybt letadel jako letisté bez blizkého
dalni¢niho napojeni.

4 ZAVERY VYPLYVAJICI Z VYHODNOCENI STATISTICKYCH DAT
STREDOEVROPSKYCH LETIST

Ze zkoumanych zavislosti jednotlivych jevli mtizeme konstatovat nasledujici:
Cim vice vzletovych a piistavacich drah ma leti§té k dispozici, zvy$uje se tim Gtmérné pocet
cestujicich, pocet pohybi letadel a mnozstvi odbaveného cargo nakladu.
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Poloha letisté vici nejblizsSimu méstu (vzdalenost od centra mésta) se vyznamné nepodili na
poctu odbavenych cestujicich, po¢tu pohybi letadel a mnozstvi odbaveného cargo nakladu.

Byla vypozorovana zavislost, Ze s nardstem poctu odbavenych cestujicich roste i mnozstvi
odbaveného cargo nakladu.

Pocet obyvatel sidelniho celku se projevi nartistem poctu cestujicich, poctu pohybi letadel a
mnozstvi odbaveného cargo nakladu pouze u nejvétsich aglomeraci s poc¢tem obyvatel nad 1 milion.

Letisté s pfimym Zelezni¢nim napojenim vykazuji mnohem vys§i hodnoty u poétu odbavenych
cestujicich, poétu pohybt letadel a mnozZstvi odbaveného cargo nakladu nez letist¢ bez piimého
zelezni¢niho napojeni.

Letisté¢ s ptiméstskym zelezni¢nim napojenim vykazuji mnohem vys§i hodnoty u poctu
odbavenych cestujicich a po¢tu pohybti letadel nez letisté bez piiméstského zelezni¢niho napojeni.

Letisté s pfiméstskym zeleznicnim napojenim vykazuji téméf stejné hodnoty u mnoZzstvi
odbaveného cargo nakladu jako letisté bez prfiméstského zelezni¢niho napojeni.

Letisté s blizkym dalnicnim napojenim vykazuji mnohem vyssi hodnoty u poctu odbavenych
cestujicich a poctu pohybu letadel nez letisté bez blizkého dalni¢niho napojeni letiste.

Letisté s blizkym dalni¢nim napojenim vykazuji témét stejné hodnoty u mnozstvi odbaveného
cargo nakladu jako letisté bez blizkého dalni¢niho napojeni.
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PRESYPANE ZELEZOBETONOVE KLENBOVE MOSTY — ANALYZA KONSTRUKCE
S VLIVEM INTERAKCE SE ZEMINOU

BURIED ARCH REINFORCED CONCRETE BRIDGES — SUPERSTRUCTURE ANALYSIS
WITH RESPECT TO THE SOIL-STRUCTURE INTERACTION

Abstrakt

Tato prace se zabyva modelovanim a statickou analyzou piesypanych Zelezobetonovych
klenbovych mostnich konstrukci v praktickych aplikacich. Hlavnim cilem prace je vyvoj
numerického modelu konstrukce vystihujiciho s dostatecnou piesnosti skute¢né chovani mostu na
urovni pouzitelné v inZenyrské praxi. V ¢lanku jsou uvedeny zakladni ptedpoklady, definice modelu
konstrukce véetn€ interakce se zeminou a rozbor dosazenych vysledki.

Klic¢ova slova
Klenbovy most, interakce se zeminou, zemni tlak.
Abstract

The paper deals with modeling and static analysis of buried reinforced concrete arch bridge in
practical applications. The main scope of this work is to develop a numerical model with sufficient
accuracy for engineering applications. Basic assumptions, analysis model definition and analyses of
results are introduced in the paper.

Keywords

RC arch bridge, soil-structure interaction, earth pressure.

1 UVOD

Zelezobetonové klenbové mosty s presypavkou jsou jednim z progresivnich typti mostii, které
se v poslednich letech stale vice uplatiuji ve vystavbé. Mezi jejich hlavni vyhody patii mala spotfeba
stavebnich hmot a vysoka uc¢innost a trvanlivost vysledné stavby, kterych je dosazeno zejména
interakci se zasypem a absenci lozisek a mostnich zavért. Vyrazného zvyseni efektivity téchto

konstrukei bylo dale dosazeno pouzivanim betonti vyssich pevnostnich tfid (bézn€¢ C50/60) a s tim
souvisejici prefabrikaci konstrukce.

Je proto s podivem, Ze podrobnd analyza tohoto typu konstrukci je bézné¢ provadeéna s
pouzitim velmi hrubych okrajovych podminek a nezahrnuje Casto ani nelinedrni charakter ulohy
plynouci jednak z materidlové nelinearity zelezobetonu a jednak z interakce konstrukce se zeminou.
Témito postupy lze totiz dale optimalizovat cely navrh nosné konstrukce mostu.

! Ing. Michal Drahorad, Ph.D., Katedra betonovych a zdénych konstrukei, Fakulta stavebni, CVUT v Praze,
e-mail: michal.drahorad@fsv.cvut.cz.
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2 TVAR A USPORADANI PREFABRIKOVANYCH KLENBOVYCH
KONSTRUKCI

Prefabrikované klenbové konstrukce jsou typicky tvofeny nékolika prefabrikovanymi
segmenty, které po sestaveni vytvofi jeden prstenec konstrukce. Typické uspotfadani konstrukce je
uvedeno na obrazku 1. Tvar prefabrikatti zajistuje prenos smykovych namahani mezi jednotlivymi
dily konstrukce a soucasné¢ definuje statické¢ schéma konstrukce (dvoukloubovy nebo tfikloubovy
oblouk, uzavieny ram, apod.).

Obr. 1: Typické uspotadani piesypané betonové konstrukce (most na trati Sudoméfice - Votice)

Tvar konstrukce je volen rizné, zpravidla v zavislosti na vySce piesypavky a plsobicim
zatizeni. Obvyklym tvarem konstrukce je pfitom kruznicovy nebo parabolicky oblouk. Tvar
konstrukce pfitom vyznamné ovliviiuje pribéh vnitinich sil od zatizeni a tim i nutné mnozstvi
vyztuze v konstrukci. Obvykla tloustka konstrukce se pohybuje kolem 300 mm, takze jednotlivé
segmenty je mozno dopravovat i osazovat béznymi prostiedky.

Konstrukce jsou zpravidla navrhovany s plosnymi zaklady, a to bud’ na zakladovych pasech
(viz napt. obrazek 2) nebo zalozené na spodni desce konstrukce (viz obrazek 1). Zakladové pasy se
navrhuji v pfipadé pfiznivéjsich zakladovych podminek, kdy je zajisténa stabilita zakladu pro posun
smérem od zasypu. Posunu smérem do zasypu je pfitom u¢inné branéno tuhosti zasypu a zpravidla
neni nutno provadét pro jejich zajisténi zadna zvlastni opatieni.

VOZOVKA

PREFABRIKOVANY 7B OBLOUK
MONOLITICKA ZAKLADOVA PATKA

Obr. 2: Schéma plosného zaloZeni konstrukce na zakladovych pasech

Vyztuzeni konstrukce 1ze s ohledem na vySe uvedené skutecnosti a tvar konstrukce navrhnout
opravdu subtilni s celkovou kubaturou vyztuZe az na urovni 75 kg/m? betonu.
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Obr. 3: Priklad typického vyztuzeni konstrukce (pfevzato od Freyssinet TechSpan)

3 PROBLEMATIKA MODELOVANI PRESYPANYCH KLENBOVYCH
MOSTU

Modelovani subtilnich ptfesypanych konstrukci je tizce spojeno s modelovanim interakce
zasypu konstrukce s vlastni nosnou konstrukei. Tato interakce nemuiize byt pii vypoctu zanedbana,
protoze pfi dané tuhosti a odolnosti zpravidla neni konstrukce bez jejiho uvazeni stabilni.

Vyhodou betonovych prefabrikovanych konstrukei (napf. proti tenkosténnym ocelovym
presypanym konstrukcim typu TUBOSIDER) je jejich relativné vysoka tuhost, ktera usti v malé
deformace konstrukce vlivem zatizeni a v dostateCnou robustnost i ve fazich vystavby. To se
pozitivné promita i do modelovani vlastni betonové konstrukce, kdy je zpravidla mozno nahradit vliv
geometrické nelinearity pouze zménou tuhosti konstrukce (viz napf. [2]), tj. stejn¢ jako vliv
nelinearity materialové.

Vysoka tuhost konstrukce navic umoziuje pii zachovani vysoké urovné presnosti vypoctu i
zjednodusené zavedeni interakce se zeminou (viz [2], kde je feSen obdobny problém). Odpor zeminy
proti deformaci, resp. nahradni zemni tlak materidlu zasypu na nosnou konstrukci je stanoven podle
zasad mechaniky zemin, v¢etné vlivu prekonsolidace (hutnéni zasypu) - viz [2]. Tato metodika byla
pro svoji mensi stabilitu pfi vétSich deformacich dale vylepsena zavedenim dynamicky definovanych
pruznych podpor (viz dale).

4 MODEL NOSNE KONSTRUKCE

Model nosné konstrukce je s ohledem na povahu problému volen jako prutovy s uvazovanim
materialové nelinearity. Tento model umoznuje diky své koncepci fesit i problematiku plovouciho
ulozeni patek oblouku (malou vodorovnou unosnost zakladové spary kompenzovanou dostate¢nou
vodorovnou tinosnosti zasypu konstrukce. Geometricky nelinearni povaha problému je pfi vypoctu
respektovana pouze zavedenim proménné tuhosti s ohledem na vyslednou excentricitu vyslednice
tlakové sily v betonu prufezu (podrobnéji viz [1]).
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Pro stanoveni tuhosti pfi¢ného fezu prvkt modelu se s vyhodou vyuziva predem definované
zavislosti prufezovych charakteristik na excentricité normalové sily v betonové ¢asti prufezu (viz obr.
4). Tato zavislost je stanovena na zakladé predpokladii o chovani betonu a vyztuze. Pro beton se
predpoklada, ze ptisobi pouze v tlaku a jeho chovani je analyzovano oddélené od chovani vyztuze.
Vysledné prifezové charakteristiky jsou potom prostym souctem piispévkid obou zakladnich
materiald.

Pro stanoveni plochy (4.) a momentu setrvacnosti (/) betonové casti prifezu piitom plati
nasledujici vztahy zavislé na excentricité normalové sily e.:

ec € <0; h/6> ec € (h/6; h/2)
A= bh Ac:3b'(h—€cj
2
1 3 2
I =—bh’ Ic=9b~(h—ec) +3b-[h—ecj s _h
12 4 \2 2 2 4

Pokud je excentricita normalové sily mimo priifez, je tuhost betonové ¢asti prifezu nulova.
Plocha betonatrské vyztuze a jeji piispévek k momentu setrvacnosti se potom k charakteristikam
betonové Casti prufezu pficte, pficemz se s vyhodou vyuziva skutecnosti, Ze prispévky betonaiské
vyztuze jsou konstantni a nezavislé na poloze a pulsobisti zatizeni. Pfiklad vysledného prabéhu
charakteristik priifezu pro kladnou hodnotu excentricity e. tlakové normalové sily v betonu je uveden
na obrazku 4 (vyska prufezu 0,25 m).
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=
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o
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g 0000 1
]
0.000 + = 4000 - .
0.000 0.100 0.200 0.300 0.000 0.100 0.200 0.300
Excentricita normalové sily v betonu [m] Excentricita normalové sily v betonu [m]

Obr. 4: Priklad prabéh prifezovych charakteristik v zavislosti na excentricité normalové sily v betonu

Vyse uvedené stanoveni prufezovych charakteristik je provedeno ve vSech uzlech vysetfované
konstrukce. S ohledem na proménnost zatiZzeni a geometrii konstrukce je jasné, Ze v obou koncovych
uzlech jednoho prvku budou obecné jeho charakteristiky rozdilné, coz je pro pouzity prutovy prvek
nepiijatelné. Z tohoto divodu jsou jako vlastnosti jednotlivych prutovych prvki délky L pouzity
primérné hodnoty A4,y a I,y stanovené z vyrazi:

L e.(L) e (L)
IA(L)-dL L- IA(eC)~dec IA(ec)-dec

4 =0 ___ _ &0
L L-le(L)—e,(0) e, (L)—e,(0)|

L e.(L) e.(L)
[1y-aL L [1e)-de,  [I(e,)-de,

J =0 _ €, (0) _ &
“ L L-le,(L)—¢€,(0) le.(L)—e(0)
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Pro snadné stanoveni primérnych charakteristik je pfitom v praktickém vypoctu s vyhodou
pouzito nasledujicich distribu¢nich funkci v jednotlivych intervalech excentricity e. vyslednice
tlakové normalové sily, které umoznuji snadné numerické stanoveni hledanych charakteristik.

ec € (-h12 ; -h/6) jA-dec=32fb-ec~(h+ec)

e. € <-h/6 ; h/6>
[4-de.=b-h-e,

e. € (h/6; h/2)
jA-deC =%-ec-(h—ec)

3be

¢ € (h/2 ;-hi6) JI -de, = ?(6603 +8¢’h+4eh’ + h3)

e. € <-h/6; h/6>
j1~dec=ib.h3~ec
12

e. € (h/6; h/2) 3be

J.I-deC =- (6ec3 —8e’h +4eh’ —h3)

Pribéh normalizovanych funkci prifezovych charakteristik a distribu¢nich funkci betonové
Casti prufezu je uveden na obrazku 5.

==Plocha [*1/bh]
===Distr.funkce A*e [*1/bh]

0.8
0.6

04 1

/
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Excentricita normaloveé sily [*h]

— M. setrvagnosti | [1/bh] 0.09 1
=== Distr.funkce I"e [1/bh] el

0,60 0,40 020 0,00 0,20 0,40 0,60
Excentricita normalové sily [*h]

Obr. 5: Pribéh normalizovanych funkci prifezovych charakteristik a distribu¢nich funkci betonové
¢asti prufezu (nahote plocha prifezu 4., dole moment setrvacnosti /)

Pocatecni ulozeni konstrukce je uvazovano podle okrajovych podminek (tj. napt. v patich
klenby). S postupem vypoctu jsou potom podle potieby definovany dalsi pruzné podpory v mistech
zatlaCeni konstrukce do zasypu (viz dale).

33



5 PROBLEMATIKA MODELOVANI PRESYPANYCH KLENBOVYCH
MOSTU

Interakce se zeminou je uvazovana jednak pomoci ndhradniho zatizeni (svislé a vodorovné) a
jednak zavedenim dynamicky definovanych pruznych podpor konstrukce. Nahradni zatizeni
konstrukce zemnim tlakem a zatizenim od dopravy je definovano v souladu s [3] (podrobnéji viz také
[2]). Typicka zavislost nahradniho vodorovného zatizeni (zemniho tlaku) na zatlaceni konstrukce do
zasypu podle [3] je uvedena na obrazku 6. Soucinitel zemniho tlaku se potom aplikuje na svislé
napéti v zasypu v dané Grovni.

Soucinitel zemniho tlaku

-0.05 0 0.05 0.1 0.15
Relativni zatladeni A/H [-]

Obr. 6: Priklad nadhradniho zatizeni konstrukce v zavislosti na jejim zatlaceni do zasypu

Koncept dynamické definice pruznych podpor byl piijat pro eliminaci numerické nestability
vypoctu v nékterych piipadech zatizeni, zejména nesymetrického. Koncept spociva v pridani
pruznych podpor do uzli konstrukce tam, kde nahradni zatizeni prestoupi klidovy zemni tlak zasypu.
V opacném pfipad¢, kdy se konstrukce od zeminy oddaluje, je nahradni zatiZzeni pouze zmenSeno a
podpora pfidavana neni. Tuhost dynamicky pfidané podpory se stanovi v zavislosti na zatlaceni (viz
obrazek 6).

5 PRIKLAD

Pro ilustraci pouziti vyvinutého modelu pfesypané zelezobetonové klenbové konstrukce byl
vyse uvedeny vypocet proveden pro redlnou konstrukci v programu MS Excel. Jednalo se o
klenbovou Zelezobetonovou presypanou konstrukci o rozpéti 7,65 m s kloubem ve stiedu rozpéti
ulozenou na zakladovych pasech Sitky cca 1,5 m. Vyska piesypavky je 0,8 m. Geometrie nosné
konstrukce je patrna z obrazku 7.

Geometrie konstrukce
5,00

450
4,00 -

350

E 300

>

5 250

So00 SN
1,50
1,00
050
0,00

0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00
Smér x [m]

Obr. 7: Geometrie nosné konstrukce [m] - model v MS Excel
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Zatizeni konstrukce je provedeno rovnomérnym blokovym

zatizenim  dopravou
distribuovanym skrz nasyp s uhlem vnitiniho tfeni @ = 40° (viz obrazek 8 a 9). Dale je uvazovano

zatizeni vlastni tihou a zemnim tlakem od vlastniho zasypu konstrukce spolecné s ti€inky hutnéni,
které jsou uvazovany jako rovnomeérné svislé pritizeni 50 kPa béhem vystavby.
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PRICNY SMER
.\ ZATIZENT 0D VOZIDLA
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\ NADNASYP
N

POS.1
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L SIRKA NAHRADNIHO |
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Obr. 8: Schéma roznosu zatizeni dopravou skrz zasyp konstrukce
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Obr. 9: Schéma zatizeni nosné konstrukce dopravou

Vyztuz konstrukce je uvazovana podle obrazku 3 a 10.
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Obr. 10: Schéma vyztuze nosné konstrukce - pti¢ny fez prefabrikatem

Vypocet byl proveden iteracné na zakladé vyse uvedenych pravidel a postupd. Zavedena
metoda vypoctu je fizena zménou excentricity tlakové sily v betonu e. a velmi rychle konverguje.

obrazku 12.

Vysledny tvar deformace po ustaleni zmén excentricity e. je uveden na obrazku 11. Zmény
excentricity e. v zavislosti na kroku vypoctu a tim padem i rychlost konvergence jsou uvedeny na
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Obr. 11: Vysledna deformace konstrukce [m] (100x zvétSeno)
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Obr. 12: Tlustrace rychlosti konvergence metody na ustaleni zmény excentricity e

5 ZAVER
Uvedeny model nosné konstrukce byl implementovan v programu MS Excel, nasledn¢ byl
ovéfen a pouzit pro praktické vypoCty. Dal§i vyzkum je zaméfen na analyzu konstrukei s
vyznamnymi deformacemi od zatizeni (vlivem geometrické nelinearity).
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POSTBUCKLING ANALYSIS OF A RECTANGULAR PLATE LOADED IN COMPRESSION
Abstract

The stability analysis of a thin rectangular plate loaded in compression is presented. The non-
linear FEM equations are derived from the minimum total potential energy principle. The
peculiarities of the effects of the initial imperfections are investigated using the user program. Special
attention is paid to the influence of imperfections on the post-critical buckling mode. The FEM
computer program using a 48 DOF element has been used for analysis. Full Newton-Raphson
procedure has been applied.

Keywords

Stability, post-buckling, initial imperfection, finite element method.

1 INTRODUCTION

In the presented paper has been explained the behaviour of a thin plate loaded in compression
[1]. The geometrically nonlinear theory represents a basis for the reliable description of the
postbuckling behaviour of the plate. Influence of initial imperfection on the load-displacement path is
researched. The results of the numerical solution are presented as graphs showing the dependency of
the amount of load tendency of displacement (according to the buckling and for initial deflection
mode with respect to minimum total potential energy principle). Solution from the user program is
compared with results gained using FEM program ANSY'S.

2 THEORY
Let us assume a rectangular plate simply supported along the edges (Fig. 1) with thickness z.

The displacements of the point of the neutral surface are denoted ¢ = [u,v,w]T and the related load

. T . . . .
vector is pz[px,O, O] . By formulation of the strains, non-linear terms have to be taken into

account. Then it can be written as

£=¢,+¢,, &,=¢& +¢, (1)

here =], I el w2 2w, | k= 2w, |
wheree, =[u v ,u, +v |, sn—zw,x,w’y, wow, |, g=—zk=—z-lw ,w, 2w |,

the indexes denote the partial derivations and w represents the global displacement.

Ing. Jozef Havran, Department of Structural Mechanics, Faculty of Civil Engineering, Slovak University
of Technology, Radlinského 11, 810 05 Bratislava, Slovakia, phone: (+421) 259 274 247,
e-mail: jozef havran@stuba.sk.

Doc. Ing. Martin Psotny, Ph.D., Department of Structural Mechanics, Faculty of Civil Engineering, Slovak
University of Technology, Radlinského 11, 810 05 Bratislava, Slovakia, phone: (+421) 259 274 652,
e-mail: martin.psotny@stuba.sk.

37



The initial displacements have been assumed as the out of plane displacements only. Then

&) =&, + & 2

2 .
where g, = [Wo v Woy s 2w, Moy ]r , &g =—2-ky=—z- [WO,xx s Wy s 2w0‘xy]r and w, is the part

related to the initial displacement.

t=2mm / / —
a =260 mm // A
b =260 mm W4 Wa b
p
E =210 GPa
v =030 / / / @
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ot — initial imperfection mode:

7* ; ~ k e 4 amS S +a02Sx2Sy1

% S === . 2 Y
@ — ! Sy =sin—, S, =sin—- 5, =sin—
: AN a a b

Fig. 1: Thin plate a) Notation of quantities, b) FEM model

The linear elastic material has been assumed

oc=D-(¢—¢,) 3)

1 v 0

v 1 0 |.E,varethe Young's modulus and Poisson’s ratio.
1-v 0 0 1-v

2

The total potential energy can be expressed as

1
U:Ul.+U€:.[E(g—go)TadV—qupdA (4)
4 4
After modification Eq. (4) can be written as

U= j e, —&,) tD(s, &, dA+j (k—k, ) 121)(k —k, )dA— jq pdAd  (5)

where &, k are strains and curvatures of the neutral surface; ¢&,, k, are initial strains and

curvatures; ¢, p are displacements of the point of the neutral surface, related load vector.
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The system of conditional equations can be obtained from the condition of the minimum
increment of the total potential energy [2]

04U =0 (6)
This system can be written as

K, Aa+F, —F, —AF_=0 )

int ext ext

I
K. | K.
D DS | . . . .
K, = |:— R :— ez } - is the incremental stiffness matrix,
I

incSD incS
F,
F, = {— 5@} - is the vector of the internal forces,
FintS
FCX
F, = {——? } - is the vector of the external load of the plate,
F, extS
AF,,
AF, = {———“ LD-} - is the increment of the external load of the plate,
AF, extS

B : ap .
q=B-a= ———:——— —— ¢ and Aq = B- Aa . For more details see [3].
|

Considering the structure in equilibrium F, —F, =0, the incremental steps can be defined

int ext
-1 i+l i . .
as K, Aa=AF,, = Aa=K, AF,,6 and " =d +Aa. The Newton-Raphson iteration can be

considered in the following way: taking into account that a' does not represent the exact solution,

-1 i

i i+1 i i i
=r . The corrected parameters are a' =a' + da' , where A =—K_ r .

inc

the residua are F, —F'

int ~ "ext
The identity of the incremental stiffness matrix with the Jacobian of the system of the
nonlinear algebraic equations J = K, . has been used in analysis. To be able to evaluate the different

paths of the solution, the pivot term of the Newton-Raphson iteration has to be changed during the
solution.

3 NUMERICAL RESULTS

Ilustrative examples of compressed steel plate considered in Fig. 1 are presented as
load — displacement paths for different amplitudes of initial geometrical imperfection. From Figs. 2
and 3 it is obvious that two almost identical modes of initial imperfection at the beginning of the
process offer two different solutions in postbuckling mode. Due to the mode of the initial
imperfection the nodal displacements denoted w4 and wc have been taken as the reference values (see
Fig. 1a). The thick lines in Fig. 2a and Fig, 3a represents displacement of node A4 and the thin lines
represents displacement of node C. Shape of the plate in buckling and in postbuckling is also
displayed.

The FEM computer program using a 48 DOF element (4 nodes, 12 DOF at each node) [4] has
been used for analysis. FEM model consists of 4x4 finite elements (Fig. 1a). Full Newton-Raphson
procedure, in which the stiffness matrix is updated at every equilibrium iteration, has been applied.
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Obtained results were compared with results of the analysis using ANSYS system, where
16x16 elements model was created (Fig. 1b). Element type SHELL143 (4 nodes, 6 DOF at each
node) was used.

Fig. 2 shows the solution for the initial displacement parameters ay; =0.05mm and

ay, =0.33mm. It can be seen that the fundamental path is in the postbuckling phase in 1 mode of

buckling.
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Increasing the effect of the 2" mode in the shape of the initial displacement
(ap; =0.05mm and a,, =035mm) the postbuckling mode of the thin plate is 2™ mode

(Fig. 3).
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4 CONCLUSIONS

The influence of the amplitude and of the initial geometrical imperfection mode to the
postbuckling behaviour of the thin plate is presented. Finite elements created for special purposes of
thin plates stability analysis, enable high accuracy and speed convergence of the solution at less
density of meshing. The possibility on an interactive affecting of the calculation within the user code
makes it possible to investigate all load — displacement paths of the problem.

It can be seen that two almost identical modes of initial imperfection at the beginning of the
loading process offers two different solutions in postbuckling mode. For solving models of thin plate,
it is necessary to take into account initial geometrical imperfections.
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SELECTED ASPECTS OF MODELLING OF NON-LINEAR BEHAVIOUR OF CONCRETE
DURING TENSILE TEST USING MULTIPLAS LIBRARY

Abstract

The subject of this paper is to describe some of the aspects manifesting in the use of the elasto-
plastic material model library multiPlas, which was developed to support non-linear computations in
the ANSYS system. The text focuses on the analysis of numerical simulations of a virtual tension test
in several case studies, thereby the text endeavours to describe the problems connected with
modelling non-linear behaviour of concrete in a tensile area.

Keywords

Concrete, fracture mechanics, damage theory, material non-linearity, Menétrey-Willam, FEM,
ANSYS, multiPlas.

1 INTRODUCTION

The application of a non-linear description of the construction material behaviour at numerical
simulations represents bringing mathematical modelling methods nearer to the real actions of
structures. The finite element method (FEM), which is implemented to a number of commercial and
academic software products (e.g. ANSYS [1], Atena [2]), is currently widely used for numerical
simulations calculating on an effect of material as well as geometric non-linearity. Examples of
applications of robust computational systems based on the finite elements for solving material non-
linear problems are documented in a publication [3]. Other publications in professional journals and
conference paper proceedings [4,5,6] are an evidence that the area of the description of quasi-brittle
material structure behaviour in particular is a sphere of interest of many scientific workplaces and at
the same time the mentioned points at issue have not been fully concluded so far.

One of the crucial problems of the constitutive relation definition for the concrete is the
different behaviour under the tensile and compressive stress. The main difference lies in different
proportions of the compressive and tensile strength that reaches significantly lower values.
Considering the mentioned differences in concrete structure behaviour under different loads, the
points at issue of the description of non-linear quasi-brittle material behaviour is connected with
several theoretical areas: the theory of plasticity, the theory of linear and non-linear fracture
mechanics and the damage theory [7]. This concept of so-called multi-surface plasticity is the essence
of the material models in the multiPlas library [8] that was created as a supportive database for
material non-linear computations in the ANSY'S computational system. The level of the robustness of
the mentioned combination of computational tools enables to solve a really varied scale of non-linear
problems, but still some specific consequences can arise at these simulations caused by the
application of the finite element method and assumptions of the applied theories. The dependence to
the finite elements size (spurious mesh sensitivity), problems of strain localization and the
idealization of boundary conditions can be included among these negative aspects. Even though the

! Ing. Filip Hokes, Institute of Structural Mechanics, Faculty of Civil Engineering, Brno University of
Technology, Veveti 331/95, 602 00 Brno, Czech Republic, phone: (+420) 597 148 207, e-mail:
hokes.f@fce.vutbr.cz.
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mentioned tools have the means intended for elimination of these defects, we can meet with their
incorrect functionality in some cases.

The existence of often a large class of physically-mechanical and empirical parameters whose
values are not systematized creates a significant problem connected with the application of the non-
linear material models for the concrete, but also for other materials. Some of these parameters even
do not have the physics and serve for instance as a stabilizing agent of the solution. One of the
possibilities how to determine given parameters is the application of inverse identification methods
among which exercises of artificial neural networks and optimization techniques can be included.
However, the application of these methods requires a deep knowledge of the non-linear solution
problems, the stability and the robustness of the solver as well as securing as smooth convergence as
possible. The task of the presented text is to explain the aspects occurring at the solution of the
material non-linear problems with the aid of the multiPlas library through several partial case studies
whose successful solution has the potential to help at further applications of this material models
library.

2 PROBLEM DEFINITION

To demonstrate the selected aspects occurring at the numerical investigation of the non-linear
behaviour of the concrete, an elementary problem of the simple tension representing a virtual tension
test on a concrete sample was chosen. The concrete sample of the C20/25 class in a shape of a beam
of nominal dimensions: length / = 200 mm; height 2 = 100 mm; width » = 100 mm was considered
for these purposes. This sample was exposed to tensile load on the opposites sides of the dimensions
100 x 100 mm. The form of the intended sample and the load scheme can be seen in Fig.1.

2

CONCRETE SPECIMEN

200x100x100 mm

i £
DEFORMATION : : 8 DEFORMATION
LOAD U —agp—— - - LOAD d
- - - L= X
v L 200 mm

Fig. 1: Load scheme

The given task type was chosen with respect to its simplicity and the possibility to apply
analytical methods to verify the results obtained by the non-linear solution with the use of the
adequate material models. The dimensions of the considered sample further enabled to check a
possible occurrence of the negative relation of the solution on the size of the finite element mesh. The
selected type of the task also enabled to carry out computations at different levels of the complexness
using both 3-D SOLID185 eight-node elements and plane PLANE182 four-node elements for the
problems of the plane state of stress.
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As for the load, the deformation load that appears to be more stable and better to converge at
the computational solution was considered. The total load size was dy,; = 0.0001 m. During the virtual
tension test it was considered as the horizontal displacement of a half size of d = 0.00005 m at the
both ends of the body. On the basis of the elementary knowledge of the task and material geometry, a
very simple analytic solution was carried out, whose purpose was to verify the subsequent numerical
simulations. The above-mentioned values of the horizontal final deformations were with regard to the
defect of a descending branch of the work diagram approximately 10 times greater than the
deformation at reaching the material ultimate strength.

2.1 Simplified Analytic Solution

The simplified analytic solution was carried out under the assumptions of the linear elasticity
theory. The purpose of the given solution was to determine the size of the introduced deformation
djinmax at reaching the material tensile strength o;max for which the following relation applies:

d/m max l'O',,max (1)
. E.
where:
E. — isthe Young's modulus of elasticity [Pa],
I — is the length of the considered sample [m],

owmax— 18 the ultimate tensile strength [Pa]

Considering the fact that this was a testing study the value of the modulus of elasticity and the
concrete tensile strength was taken from the existing Czech technical standard CSN EN 1992-1-1 [9].
For the considered C20/25 concrete class the normative value E. = 30 GPa was applied and the
tensile strength value was considered of the proportions of 6. = 2.4 MPa. By substituting into the
equation (1) the value of the tensile deformation at reaching the material ultimate strength was thus
gained:

/. D4.100
)y = Jees 02280y 6100 2)
: E 30-10

On the basis of the determined deformation dji,max the maximum intensity of the tensile force
Fmax for the given tensile deformation load d,,; was determined. The following equation was applied
for the computation of the tensile force:

dy s " E. A
F — lin ,max c - A (3)

t,max Z t,max

After adjustment and substitution to the equation (3) the value of the maximum tensile force
F;max Was determined:

d._-E -4
—_tmmax e T 5  .4d=¢, _ -b-h=24-10°-0.1-0.1=2.4-10°N (4

t,max l t,max ,max

All the above-mentioned and calculated basic values of the F-d diagram of the load test are
schematically indicated in the graph - see Fig. 2.
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Fig. 2: Basic values of the F-d diagram of the load test

3 NON-LINEAR NUMERICAL ANALYSIS AND ITS SPECIFIC ASPECTS

For the virtual load test, which has been dealt with in the previous paragraphs, 4 sets of non-
linear numerical simulations in total were carried out in the ANSYS computational system. The non-
linear Menétrey-Willam material model from the multiPlas library was applied in all the cases. The
effect of idealization of boundary conditions, the effect of the finite element mesh size, and the effect
of a setting of some internal variables at the level of a final element was monitored within these case

studies executed in the 2-D (3 sets) and in the 3-D environment (1 set).

3.1 Computational Model Geometry

The computational model creation including the setting of the material model, the application
of boundary conditions, the setting and initialization of the solver and finally also the export of the
resulting data indispensable for the F-d diagram creation were always performed within 1
programmed batch. The computational model geometry itself was with respect to its simplicity
created in a hierarchical manner from points through the lines to the surfaces within the mentioned
batch. In case of the 3-D alternative with the final elements of the brick type the above-mentioned
surfaces were extruded in addition and thanks to this the body of the given size was created. The
resulting geometric object was subsequently covered with the finite element mesh with the

appropriate length of the side as can be seen in the examples in Fig.3.
ANSYS| one ANSYS

R15.0
Academic
o7 .

A A

Fig. 3: Computational models with the mesh from PLANE182 and SOLID185 elements
(element size — 5 mm)
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The following cases of the finite element mesh dimensions were considered within the
executed studies: 1 mm, 2 mm, 5 mm, 10 mm and 20 mm. However, this planning failed to be kept
rigorously, as the requirements on the computational time in the case of the 1 mm alternative with the
SOLID185 elements were enormous.

3.2 Material Model Description and Setting

The applied non-linear Menétrey-Willam [10] material model is based on the Willam-Warnke
[11] yield surface, which is contrary to the Drucker-Prager surface the function of not only the first
and the second, but also of the third invariant of the stress deviator (so-called Lode angle). Softening
the corners of the deviatoric planes of the yield surface that, moreover, do not have a constant
distance from the hydrostatic axis in the Haigh-Westergaard space [8] is achieved by this adjustment.
This aspect is one of the basic characteristic features of the multi-surface plasticity concept that is
currently applied at the multiPlas library models. Comparison of the deviatoric planes of the yield
surface is shown in Fig. 4.

— Menetrey-Willam
— Rankine

—— Drucker-Prager

—— Mohr-Coulomb

Fig. 4: Comparison of the deviatoric planes of the yield surface

The Menétrey-Willam material model belongs to a group of models that cannot cover the
effect of strain rate on the state of stress. Irreversible strains arise at reaching the yield surface, while
the disintegration of the total strain vector &t into an elastic €a and plastic gpi part [8] is assumed.

S =8 &y 3)

tot

From the point of view of the finite element method application the selected material model
uses the smeared cracks concept. To solve the given problem an alternative using the softening
function based on the dissipation of the specific fracture energy Gy was selected. In relation to the
necessity to eliminate the negative relation of the solution on the size of the finite element mesh the
non-linear Menétrey-Willam model uses Bazant's Crack Band concept [12].

To achieve corresponding non-linear functioning of this model, 10 material parameters in total
whose description and values selected in the case studies are summarized in Table 1 need to be pre-
defined. These parameters were chosen purely at random for the purpose of the simplicity of the
executed study and thus do not have any connection to the actual parameters of the selected material.
Their actual values could be obtained using the inverse identification method from the data
originating from the real experiments, as indicated in the introductory passage.

Besides the above-mentioned non-linear parameters, linear-elastic parameters were necessary
to be preset as well as required by the ANSYS computational system. With regard to this fact, the
modulus of elasticity of the size of £. =30 GPa and the Poisson's ratio v = 0.2 were set. In addition to
these parameters having the character of the physically-mechanical qualities of the used material, also
other state and computational variable whose detailed description can be found in the quoted
literature [8] had to be preset.
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Tab. 1: Material parameters — description and values selected in the case studies

Parameter Unit Value Description

Oc,max [Pa] 30.0-10° | Uniaxial ultimate compressive strength

Ot max [Pa] 2.4-10° | Uniaxial ultimate tensile strength
op [Pa] 36.0-10° | Biaxial compressive strength
'd [°] 10.0 | Dilatancy angle
Kem [-] 3.0-10** | Plastic strain corresponding to the maximum load
Q. -] 075 Eeia(l)trir\l/;rztsrseiisn level at start of non-linear hardening
Qe [-] 0.10 | Residual relative stress level in compression
G [Nm/m?] 1000.0 | Specific fracture energy in compression
Gy [Nm/m?] 100.0 | Specific fracture energy in tension
Qy [-] 0.05 | Residual relative stress level in tension

3.3 Boundary Conditions

One of the aspects having a direct effect on the quality and solvability at all are the boundary
conditions. At idealization of the solved problem in the ANSYS computational system the selected
deformation load was set as the horizontal displacement on the boundary nodes of the mesh. In the
first case study the zero vertical displacement was further specified on the boundary nodes on the
right only to ensure a correct support of the model. However, considering the results this support
appeared to be incorrect, which resulted in a change of the boundary conditions in the second case
study. In this set of the computations, the zero vertical displacement was specified on the boundary
nodes on the both sides of the sample. This arrangement of the boundary conditions had a positive
effect on the quality of the results and so it was applied on the computational models in the third and
fourth case study. The mentioned fourth and the last case study was already executed from the 3-D
solid elements SOLID185 and therefore it requested a support in the horizontal and transverse
direction. Considering the above-mentioned information this support was also carried out in the same
manner as in the case of the vertical one. The consecutive idealization of the boundary conditions as
it has been described above is documented in Fig. 5.

2z z 2

‘ DEFORMATION LOAD A BOUNDARY CONDITIONS BOUNDARY CONDITIONS
’—‘* d=0,0001 mm —— (INACCORDING TO ANSYS) — —— (INACCORDING TO ANSYS) ——
! ]
£ £ £
g £ 4 g
) o o S) 1 o
o =) 4 =]
o] = o x— . o
] E. X 4 X
5 - C e e
) 200 mm > v L 200 mm % vl 200 mm [
bd td d P4 Cd

Fig. 5: Idealization of the boundary conditions

3.4 Results and Monitored Aspects

With regard to the complications occurred in the area of the idealization of the boundary
conditions and the need to verify the correct functioning of the selected finite elements PLANE182
and SOLID185 4 sets of the case simulations in total were solved using the solver of the Newton-
Raphson system of non-linear equations of the ANSYS computational system. Within these case
studies, the effect of the different finite element mesh size of 1 mm, 2 mm, 5 mm, 10 mm and 20 mm
was monitored.
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The first set of the non-linear simulations using the above-mentioned material model with the
vertical support of the computational model showed the incorrect results within the obtained F-d
diagrams on one side only. Each of the curves had a different shape both in the area of the maximum
tensile endurance, thus in the area of the localization of cracks, and at the descending branch. No
connection with the dependence on the mesh was evident from the shapes of these curves and also
from the values of the maximum tensile force F;max achieved, which are documented in Fig. 7(a).
With respect to these results that are presented in Fig. 6(a), 7(a), 8(a), the boundary conditions were
modified and subsequently a new set of the computational models was analysed.
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Fig. 6: F-d diagrams of solved case studies (== 1 mm, == 2 mm, == 5 mm, == 10 mm, == 20 mm)

In this second set of the simulations the previous irregularities were adjusted. However, the
resulting F-d diagram of the computational model with the finite element mesh of the size of 1 mm
diverged noticeably from the others. The shape of the resulting curves is shown in Fig. 6(b). The
above-mentioned problems led to the adjustment of the internal variable of the PLANEI182 element,
where an enhanced strain formulation was chosen instead of the full integration. The 3rd set of the
computational models of the virtual tension test was computed with the given modification at the
level of the applied finite element. The results of the 3rd set are presented by Fig. 6(c), 7(c) and 8(c).

The last set of the numerical simulations was already executed on the 3-D solid elements
SOLID185 that dispose of 3 translation degrees of freedom in all 8 nodes. The computations on this
set showed to be very demanding from the point of view of the requirements on the hardware and the
computational time. Due to this fact the model with the mesh of the size of 1 mm currently has not
been analysed successfully yet, thus the graphs in Fig. 6(d), 7(d) and 8(d) do not show such
information capability. Still, we can say that the resulting F-d diagrams for the meshes of 2 mm, 5
mm, 10 mm, 20 mm have almost identical form as the curves of the 2nd and 3rd set computed on the
PLANE182 elements.
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The conclusions made in the previous paragraphs are also documented in the graphs in Fig.
7(a) to 7(d). The graphs represent the intensity of the maximum achieved force Fjuax. As it has
already been mentioned, the adjustment of the boundary conditions led to the considerable solution
stabilization and the values of the maximum tensile force showed falling tendency when enlarging the
finite element mesh. The graph in Fig. 7(d) where the error at the mesh of 20 mm most probably
occurred represents the exception to the rule. The author assumes that the given error at the
SOLID185 elements was caused by their inappropriately chosen size to the task dimensions.
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Fig. 7: Fyma diagrams of solved case studies
(== 1 mm, == 2 mm, == 5 mm, == 10 mm, == 20 mm)

When comparing the obtained results with the previously executed simplified analytic solution
of the task we can state that there is a very good congruence between the computational and
analytical solutions. The average intensity of the maximum achieved tensile force F;max reached
23.923 kN at the 1st set, 23.855 kN at the 2nd set, 23.855 kN at the 3rd set and 23.687 kN at the 4th
set. There are thus deviations of 0.319 %; 0.606 %; 0.606 % and 1.304 %. Further we can mention
that in the case of the 2nd and 3rd set the difference of the maximum tensile force F;max between 1
mm and 20 mm mesh reached the intensity of and 4F;max3 = 31.7 N. The above-mentioned values of
the observed control variables and their comparison with the analytic solution is presented in Tab. 2.

Further, in Fig. 8(a) to 8(d) below the value of the initial tangential modulus of elasticity Eun imi
is presented. The accurate comparison of the achieved values including the deviations from the
analytic solution is also summarize in Tab. 2.
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Tab. 2: Calculated control variables and their comparison with the analytic solution

Ft,max [N] Ft,max,avg [N] |A| [%] E. [GPa] Etan,ini,avg [GPa] |A| [%]
1st set 23923.8 0.319 30.118 0.393
2nd set 23854.6 0.606 30.208 0.693
24000,0 30.000
3rd set 23854.6 0.606 30.208 0.693
4th set 23687.1 1.321 30.402 1.322
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Fig. 8: Comparison of results
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4 CONCLUSION

The published results of the numerical studies mapping the application of the multiPlas library
of the material models prove the applicability of this computational tool for solution of the physically
non-linear tasks. However, it should be mentioned, that the correct idealization of the specific task
plays a significant role in the solving problems using the finite element method. In this respect the
special attention has to be paid to the correct set of the boundary conditions. Although the selected
problem was geometrically relatively simple, the negative dependence on the finite element mesh had
an impact on some of the solved sets of the computation models.

This negative aspect proved at all the models with the mesh size of 1 mm. The results for the 2
mm mesh were already almost identical with 20 mm. Unfortunately, within the executed numerical
case studies this negative aspect with the use of the 3-D solid elements SOLID185 failed to be proved
or disproved, because of the hardware and time demandingness of the computation. However, the
author believes that these results will be obtained successfully in the future.

51



ACKNOWLEDGMENT
The contribution has been created with the financial support of the project GACR 14-25320S

“Aspects of the use of complex nonlinear material models” provided by the Czech Science
Foundation and with financial support of the specific research project of Brno University of
Technology FAST-J-14-2359 “Nonlinear computational models of prestressed concrete elements”.

(1]

LITERATURE
ANSYS INC. ANSYS Mechanical APDL Theory Reference. Canonsburg, PA 15317, 2013.

[21 CERVENKA CONSULTING LTD. ATENA Program Documentation. Praha, 2013.

[3] BARTON D. C. Determination of the high strain rate fracture properties of ductile materials
using a combined experimental/numerical approach. International Journal of Impact
Engineering [online]. 2004, vol. 30, 8-9, pp. 1147-1159 [cit. 2015-11-29]. DOI:
10.1016/j.ijimpeng.2004.01.006. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0734743X04000235.

[4] GRASSL, Peter and Milan JIRASEK. Damage-plastic model for concrete failure.
International Journal of Solids and Structures [online]. 2006, vol. 43, 22-23, pp. 7166-7196
[cit. 2015-11-29]. DOI: 10.1016/j.ijs0lstr.2006.06.032. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S002076830600240X.

[5] STRAUSS, Alfred, Thomas ZIMMERMANN, David LEHKY, Drahomir NOVAK and
Zbynék KERSNER. Stochastic fracture-mechanical parameters for the performance-based
design of concrete structures. Structural Concrete [online]. 2014, vol. 15, issue 3, pp. 380-394
[cit. 2015-11-29]. DOI: 10.1002/suc0.201300077. Available from:
http://doi.wiley.com/10.1002/suc0.201300077.

[6] HOKES, Filip. The Current State-of-the-Art in the Field of Material Models of Concrete and
other Cementitious Composites. In: Applied Mechanics and Materials [online]. 2015, pp. 134-
139 [cit. 2015-11-29]. ISSN 1662-7482. DOI: 10.4028/www.scientific.net/ AMM.729.134.
Available from: http://www.scientific.net/ AMM.729.134.

[7]  JIRASEK, Milan and Jan ZEMAN. Deformation and failure of materials: creep, plasticity,
Jracture and damage. (Pretvareni a poruSovani materialii: dotvarovani, plasticita, lom a
poskozeni). Vyd. 1. Praha: Nakladatelstvi CVUT, 2006, 175 s. ISBN 978-80-01-03555-9.

[8] DYNARDO. Multiplas: User’s Manual Release 5.1.0 for 15.0. Weimar, 2014.

[9] CSN EN 1992-1-1. Eurocgde 2: Design of concrete structures — Part 1-1: General rules and
rules for buildings. Praha: CNI, 2006.

[10] MENETREY, Philippe. Numerical analysis of punching failure in reinforced concrete
structures. Lausane, 1994. PhD Thesis. EPFL.

[11] WILLAM K. J. and E. P. WARNKE. Constitutive models for the triaxial behavior of concrete.
In Proceedings of the International Association for Bridge and Structural Engineering. 1975,
vol. 9, pp. 1-30.

[12] BAZANT, Zdenék P. and B. H. OH. Crack band theory for fracture of concrete. Matériaux et
Constructions [online]. 1983, vol. 16, issue 3, pp. 155-177 [cit. 2015-11-29]. DOI:
10.1007/BF02486267. Available from: http://link.springer.com/10.1007/BF02486267.

Reviewers:

Ing. Filip Fedorik, Ph.D., Structural Engineering and Construction Technology, University of Oulu,
Finland.

Ing. Bc. Oldfich Sucharda, Ph.D., Department of Structural Mechanics, Faculty of Civil Engineering,
VSB — Technical University of Ostrava, Czech Republic.

52



Sbornik védeckych praci Vysoké $koly bainiské - Technické univerzity Ostrava
fada stavebni, ro¢nik 15, ¢islo 2, rok 2015
¢lanek ¢. 7

Taita HOLUSOVA!, Miguel LOZANO?, Alfonso FERNANDEZ-CANTELD, Tereza
KOMARKOVA?, Dalibor KOCABS, Stanislav SEITL®

INFLUENCE OF THE GRIPPING FIXTURE ON THE MODIFIED COMPACT TENSION TEST
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Abstract

The modified compact tension test (MCT) might become in the future a stable test
configuration for the evaluation of fracture-mechanics parameters or also for description of fatigue
behavior of composites materials such as concrete. Core drilling is used for sampling of existing
structures. These samples have cylindrical shape with the selected thickness to avoid the stress
concentration. This contribution focuses on the evaluation of the fracture behavior during static and
quasi static tests. Static tests are performed on standard specimen with diameter 150 mm and length
300 mm. The quasi-static tests are performed using two different gripping fixtures. The results for
quasi-static tests are represented as L-COD diagrams (i.e. load vs. crack opening displacement)
measured on the loading axis. The comparison of results and discussion of advantages and
disadvantages are introduced.

Keywords

Modified Compact Tension Test, Fracture Parameters, Cementitious Composites, ARAMIS
measurement, grips.

1 INTRODUCTION

A series of standardized experimental test procedures for evaluation of fracture-mechanics
parameters are found in literature, e.g. see [6] and [11]. The two most suitable types of such tests are
used for concrete beams with or without reinforcement. In the first case, the three point bending test
(3PB) is applied to smaller beams either of dimensions 40 x40 x 160 (120) mm® or
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100 x 100 x 400 (300) mm?® without reinforcement, see e.g. [2], [6] or [19]. In the second case the
four point bend test (4PB) is applied mostly on larger reinforced concrete beams. In both cases the
starting notch aims at ensuring localization of the crack growing.

The amount of the material bound to the ligament, defined as the area of the specimen
measured from the top of the notch to the back edge of the specimen, is relatively small compared to
that of the material used in the fabrication of the 3PB and 4PB tests beams, this representing
a relative handicap for this kind of fracture tests. This is the reason why researchers look for another
alternative to determine the fracture mechanical properties on more compact specimens, i.e. requiring
less material but also being easily obtained from real constructions. With this aim, the wedge splitting
test (WST) was postulated [14], which can be applied for measurement of fracture parameters using,
indistinctly, cubic (see [7] and [8]) or cylindrical specimens (see [15]). The shape of the modified
compact tension specimen comes from the standard compact tension (CT) specimens being used by
testing of metallic materials. Different experimental test set-ups have been used as bending test on
notched cylindrical halves (semicircular bend, see [3]) but also as disk-shaped compact tension
specimens with two holes for placing the pins, see [18]. Another approach for applying the splitting
load to the specimen is proposed in [10] where two steel loading frames were applied instead of two
holes for pins, although on a cubic shaped CT specimen. Cifuentes et al. recently postulated the study
of the applicability of MCT specimen for measuring the fracture energy of concrete that indicates
very promising consistency of the specific fracture energy value for different widths and notch
depths, were also the comparison of the MCT test with the traditional fracture test 3PB were carried
out, see in [2]

The aim of this contribution is to compare the data obtained from standard compression test
performed on 150 x 300 mm cylinders in the laboratory of Faculty of Civil Engineering Brno
University of Technology with those obtained from the modified compact tension test performed in
the laboratory of the University of Oviedo. The MCT specimens have cylindrical shape with diameter
150 mm and thickness 60 mm. The advantages or disadvantages of using eye nuts at the end of the
steel bars against the current solution using steel bars directly clamped at the machine grips are also
analyzed, see figure 2. The results are summarized as loading diagrams representing the load versus
crack opening displacement measured on the axis of the steel bars (Load — COD). The results of the
standard pressure test (performed on concrete cylinders) and fracture parameters (calculated from
MCT experiments) are also summarized and compared. This contribution continues a previous
numerical study performed by finite element software ATENA, see e.g. [1] and [4], focused on the
comparison of those two ways of fixing the specimens into the test machine. Obtained fracture-
mechanical parameters can be used as input values for modeling in finite element software.

2 EXPERIMENT

2.1 Material and specimen preparation

Twelve standardized cylinders with 150 mm diameter and 300 mm length were fabricated by
the company BETOTECH, ltd. in plain class C 30/37 concrete. The maximum aggregate grain of
4 mm was chosen considering the MCT specimens ligament length. The composition of the concrete
mixture is shown in table 1. Six cylinders were sent to the laboratory of University of Oviedo from
which four slide specimens with 60 mm thickness were cut off for the MCT tests.

Tab. 1: Composition of used concrete mixture

Designation CEMV{/:? » R Ash Opatovice ?Eiéo(fj Water Sika Vlé(;cigrete 20
Amount [kg] 450 100 1440 250 2
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2.1 Specimens for standard compression test

The standard compression test was performed on six cylinders after 28 days from the
fabrication time for evaluation of the compression strength as the input value for the concrete model
to be used in the numerical calculation of the MCT test, see figure 1. Three of those six cylinders
were used for evaluation of the static Young modulus according to European standard: EN 12390-13
Testing hardened concrete — Part 13: Determination of secant modulus of elasticity in compression,
method B. The measured average dimensions and cylinders weight for evaluating the density are
shown in table 2.

Fig. 1: Six standard cylinders prepared for compression test (1-6) and for evaluation of the static
Young modulus (4-6)

Tab. 2: Dimensions (d, I), weights (mass m) and densities (p) of concrete cylinders

Designation m [kg] d [mm] I [mm] p [kg/m3]
1 10.684 149.41 286.43 2127
2 11.001 149.38 29222 2148
3 10.514 149.37 280.02 2143
4 10.854 149.45 288.27 2146
5 10.870 149.37 289.15 2145
6 10.790 149.38 287.48 2142

2.2 Specimen preparation for the modified compact tension test

The shape of the MCT test is based on specimens for standard compact tension test (CT), used
for metallic materials [1]. The aim of the present MCT test is to compare different ways of fixing the
steel bars to the test machine. The current fixing consists in clamping directly the bars into the grips
as seen in figure 2a), which causes rising of an undesirable moment at the ligament due to bending of
the bar during the notch opening. Instead, the load can be applied through eye nuts (see figure 2b))
provided just at the bars protruding from the specimen thus allowing a rotation of the specimen
during notch opening. This avoids bending of the drawing bars and, as a consequence, the moment at
the ligament so that the MCT specimen behavior approaches to that experienced by the CT test. MCT
specimens are cut of the prepared cylinders for standard pressure test, but former contributions
indicates the convenience of using a plastic pipe of the internal diameter 153 mm, as casting mold,
see [2] and [5].

Placing the steel bars into the specimen can be done in two ways. In the first case, the steel
bars are placed before concrete casting, so that full connection is achieved between concrete and
steel. In the second case, the steel bar must be introduced into specimen after the required 28 days
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hardening of concrete. The hole is drilled off from the specimen side for allocating the steel bar,
which is then glued by the strong epoxy. The method applied to the MCT test consisting in drilling
hole and threading the uncut steel bar through the specimen hole is shown in figure 3. A laser beam
on the specimens helps to maintain the right orientation of the drilled hole. The initial notch is
machined on the specimen perpendicularly to the steel bar once the epoxy glue gets hard.

Current gripping

Eye nuts at the ends of
the steel bars

Fig. 2: Fixing of MCT specimen into the test machine: a) Current grips; b) Eye nuts provided at the
ends of the steel bars

Fig. 3: Threading the steel bars into the holes drilled in the MCT specimen

2.3 MCT test

MCT specimens are marked by the initials SP (specimen), number of specimen and the type of
steel bars fixture to the test machine. The current gripping system is denoted by the capital letter A
and eye nuts gripping at the ends of the steel bars, by the capital letter B. Five specimens for each
fixture system are prepared, the current fixture being denoted SP1A — SP5A and the fixture with eye
nuts at the ends of the steel bars, SP1B — SP6B. One extra specimen is used in case of fixture B
because specimen SP1B happens to be faulty. All specimens are dimensioned for relative notch
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length a = 0.3 and the steel bar placed at a distance ' = 120 mm from the back front, while the real
measured dimensions are shown in table 3 according the designations in figure 4, where:

d is the diameter of the specimen in [mm],

w is the location of the steel bars in [mm],

lig is the length of the ligament v [mm)],

a is the length of the starting notch measured from
the steel bars axis in [mm],

B is the thickness (breadth) of the specimen in [mm)],
o is the relative notch length [-],

Alig is the area of the ligament in [mm?].

Fig. 4: MCT specimen designations

The ligament area Aj;; is calculated as the product of the ligament length (/iz) times the
specimen thickness (B). The relative notch length () is the ratio of the length of the starting notch (a)
to the parameter of the steel bars location (/).

The tests are performed on a servo-hydraulic test machine MTS Bionix of 25 kN loading
capacity, see figure 5, meanwhile the surface deformation was captured by the 3D digital image
correlation ARAMIS system of GOM, where the preparation of the specimen surface was done
according to the recommendation in ARAMIS: User Manual — Software. The speed of the loading
was 0.2 mm/min.

i

Servo-hydraulic
test machine

MCT specimen
fixed by eye nuts

ARAMIS
camera

Fig. 5: Servo-hydraulic test machine MTS Bionix with specimen fixed by the eye nuts and 3D optical
camera system ARAMIS
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Tab. 3: Dimensions of the MCT specimens

Des. d [mm] W [mm)] hig [mm] a[mm] B[mm)] a[-] Alig [mm?]
SP1A 149.72 115 84.50 30.50 60.00 0.265 5070
SP2A 150.00 120 82.55 37.45 59.50 0.312 4912
SP3A 149.70 116 83.58 3242 60.00 0.279 5015
SP4A 149.10 115 85.60 29.40 57.85 0.256 4952
SP5A 149.10 118 83.50 34.50 58.76 0.292 4906
SP2B 149.70 120 83.02 36.98 60.00 0.308 4981
SP3B 149.43 118 83.20 34.80 58.96 0.295 4905
SP5B 149.27 120 85.25 34.75 60.06 0.290 5120
SP6B 149.19 115 84.75 30.25 60.20 0.263 5102

3 RESULTS — STANDARD PRESSURE TEST

The standard pressure test was performed on six cylinders with diameter 150 mm and length
300 mm. The speed of the loading was 0.6 MPa/s according to European standard EN 12390-3:2009.
Final values of cylindrical strength f: ¢y and the static modulus of elasticity E.s are listed in table 4.
Average value of cylindrical strength is fc ;1 = 43.8 MPa which is calculated from the maximum load
F.max divided by the area of the cylinder’s top (calculated from the diameter d in table 2. The average
value of static modulus of elasticity is E.s =25 100 MPa.

Tab. 4: Final values obtained from pressure test and values of modulus of elasticity

Designation Femax [kN] feeyt [MPa] E.s [MPa]
1 752.0 42.9 -
2 716.1 40.9 -
3 768.8 439 -
4 806.0 459 24100
5 777.4 44.4 26 200
6 785.3 44.8 24 900
¢ - 43.8+1.6 25100

4 RESULTS AND DISCUSSION - MCT TEST

The L-COD (i.e. Load — Crack Opening Displacement) diagram is recording during loading of
the MCT specimen measured on the axis of the steel bars, which are used to evaluate the fracture
parameters of the material. The loading curves of current fixing (variation A) are shown in the graph
in the figure 6 and the loading curve for the second variation (B) are shown in diagram in figure 7.
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The results obtained for the specimen with mark SP4B were eliminated from the evaluation because
of the bad adjustment of the loading speed during experiment.

4.1 Evaluation of L-COD diagrams

Elastic modulus of elasticity (£) was calculated by the recommendation of RILEM [10] from
Hook’s Law (1) from stress-strain diagram.

E== (1)
&

The value of fracture toughness K. is calculated by equation (2), where Puax is the maximum
achieved load in [N], B and W represent the dimensions of the specimen (see table 3), Y(a) is the
shape function for CT specimen as given from [16] and Bi(a) is the shape function for MCT
specimen, taken from [13] and [17].

P
K, =% JW . -Bla 2
1 =AW -B(a) b))
The shape function as given from [16] (K1°7):
The shape function for place of the steel bar W= 110 mm:

Y(a) = 59.139 - 515.78a +1772.4 &% — 2591.2 &> +1436.6 o* A3)

The shape functions taken from [13] and [17] (KiMCT):
The shape function for place of the steel bar =110 mm:

B,(ar) = —23.943 + 309.04 & — 1335.2 &% + 2947.6 &° — 3202 * +1429.6 &° 4
The shape function for place of the steel bar W= 120 mm:
B (@)= —33.482 + 416.97  — 1804.2a° +3948.30° — 4254.7 a* +1869.7 & ()
3.5
——SP1A,0.=0.265
3 —SP2A,0=0.312
25 ——SP3A,0.=0.279
., ——SP4A, .= 0.256
% SPSA, 0.=0.292
R
=]
-
1 i
0.5
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-0.5 COD [mm]

Fig. 6: Loading curves for current variation of fixing of the steel bars (A)
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Fig. 7: Loading curves for variation with the use of eye nuts at the ends of the steel bars (B)

The values of fracture energy were calculated by the RILEM recommendation [12]. The value
of work of fracture (W;), which corresponds with the area under the loading curve, is divided by the
ligament (A1) relevant to exact specimen and loading curve.

Even though all MCT specimen are created from the very same material, the loading curves
show in rising part much higher dispersion in case of using the current fixing of the steel bars into test
machine (variation A) instead of case with use of eye nuts at the ends of the steel bars (variation B),
which can be seen in diagrams in figure 6 and figure 7. The variance of the modulus of elasticity
values from the average values is under + 18 % in case of variation A and under + 5% in case of
variation B. However the average values of modulus of elasticity obtained from measured data (E) is
differed from the average value of modulus of elasticity measured on standard cylinders with
dimensions 150 x 300 mm E.s = 25 100 MPa under £ 8.2 % in case of variation A and under = 5.1 %
in case of variation B. The E. value was obtained from standard pressure test on cylinders instead of
E values obtained from tensile tests, so the differences could be expected.

The value of K. was calculated by use of shape function for CT specimen (Ki.*") and for
MCT specimen (KiMCT). In the first case (Ki.°") is the variance of the values under + 15 % in case of
variation A and in case of variation B under 4 %. In the second case (KiM7) is the variance of the
values under + 12 % in case of variation A and in case of variation B under + 9 %.

The average value of fracture energy in case of variation A is 85.58 + 9 % J/m? and in case of
variation B is 140.14 £ 1 % J/m?. The process of decreasing part of the loading curve in case of
variation B is the reason of 40 % higher value of fracture energy. Approximately two times higher
value of crack opening displacement in area of macro-cracks can be seen in loading curves in case of
variation B against the case of variation A in figures 6 and 7. This increase is caused by the allowed
rotation of the specimen around the pins, which are fitted into eye nuts.

Obtained average values of modulus of elasticity E, fracture toughness K. (versions CT and
MCT) and fracture energy Gy are shown in table 5 together with their standard deviations.

Tab. 5: Average values of fracture parameters and their standard deviations

SP A SP B
Designation = — = -
Value Standard deviation Value Standard deviation
E [MPa] 27 343 4941 23 822 1099
Ki T [MPa x m”] 0.764 0.116 0.732 0.032
KiM“T[MPa x m”] 0.726 0.090 0.729 0.065
Gt [J/m?] 85.58 7.8 140.14 1.76
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5 CONCLUSIONS

This contribution is focused on the evaluation of the experimental fracture results obtained by
MCT specimens with diameter 150 mm and thickness 60 mm, both for the current fixture represented
as steel bars clamped in the grips of the test machine (fixture A) and for the hinged fixture provided
by the eye nuts placed at the ends of the steel bars (fixture B), the latter aiming at the configuration of
the MCT being most conform with the standard compact tension.

From the measured data the following conclusions are drawn:

e The average values of the Young modulus £ for both fixtures differ from the static Young
modules E less than 8.2 % in case of fixture A and under 5.1 % in case of fixture B.

e The average values of the fracture toughness parameter K" differs for both fixtures less
than 4.2 %.

e The average values of the fracture toughness parameter KM for both fixtures differs
less than 0.5 %.

e The value of the fracture energy Gr for fixture B is higher than that for fixture A.

A steep decrease in the decreasing part just behind the top of the loading curve is noticed in
the plots of figure 6 and 7. This phenomenon can be observed in both fixture cases. The linear shape
of the curves in these areas between 0.05 — 0.3 mm is due to lack of the measured points and the
quick descent of the measured load. The rigidity of the test machine and the relatively higher speed of
the loading could be, possibly, the reasons of such a phenomenon. However, further study is needed
since this effect does not appear in all the cases studied as the graphs confirm.
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NUMERICKE MODELOVANI A LABORATORN{ ZKOUSKY
SROUBOVANYCH MONTAZNICH SPOJU S CELNi DESKOU

NUMERICAL MODELLING AND LABORATORY TESTS
OF END-PLATE ASSEMBLING BOLT CONNECTIONS

Abstrakt

Pfedmétem této prace bylo vytvoreni numerickych modeld Sroubovanych montaznich spoji
CHS (kruhové duté profily), resp. L profilti s ¢elni deskou a jejich nasledné porovnani s provedenymi
laboratornimi experimenty. Porovnani vysledkil ukazalo, ze numerické modely vystihuji zakladni
chovani sty¢niki. V numerickych modelech byly zohlednény skutecné laboratorni podminky
zahrnutim tuhosti zkusebniho lisu v prokluzu.
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Abstract

Subject of this work was to create numerical models of assembling bolt connections of CHS
(circular hollow sections) or L-profiles respectively and their subsequent comparison with performed
laboratory experiments. Comparison of results showed that numerical models describe the basic
behavior of those joints. The actual conditions in the laboratory were taken into account in the results
of numerical models, in the form of the test press slip stiffness.
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1 UVOD

Hlavnimi vyhodami ocelovych piihradovych vaznikt, ¢i pfihradovych ramovych konstrukci
z dutych i otevienych prifezil jsou predevsim jejich priznivé statické ptisobeni, dostatecna tuhost pfi
zachovani subtilnosti konstrukce, ale také jejich esteticky vzhled. Proto jsou tyto konstrukce stéle
Casto vyuzivany v praxi pro vystavbu halovych objektd a pro preklenuti velkych rozpont.
U velkorozponovych konstrukci je vSak zapotiebi propojit jednotlivé dilce, k Cemuz se ¢asto vyuziva
montaznich spoju s ¢elni deskou.

Takovéto spoje, v pfipadé, Ze jsou namdhany tahem, je tfeba posuzovat také s uvazenim
pfipadného vlivu paceni. Postupy dle soucasné normy [1] jsou komplikované a u spoji n¢kterych
typll prufezi nejsou ani presn¢ popsany. Problematika posuzovani nahradniho T-profilu v tahu
a zkoumani vlivu paceni je i dnes aktualni a mnoha svétova pracovisté se timto zabyvaji [2, 3, 4].
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Tato prace je zaméfena na vytvofeni numerickych modelti Sroubovanych montaznich spoji
CHS, resp. L profili s celni deskou, které maji vystihovat skutecné chovani spoje, a nasledné
porovnani vysledk téchto numerickych modelt s vysledky provedenych fyzikalnich testd.

2 GEOMETRIE RESENYCH SPOJU
Resené montazni spoje spojuji dva CHS profily TR 89x8 (obr. 1 a), resp. dva profily L 90x10
(obr. 1 b). Sty¢niky CHS profil byly tvofeny dvéma kruhovymi celnimi deskami o priméru
230 mm, tloustky 10 mm, resp. 15 mm. Sty¢niky L profild tvofily obdélnikové celni desky
o rozmérech 185x130 mm, také tloustky 10 mm, resp. 15 mm. VSechny sty¢niky byly navzajem
spojeny Srouby M 16, pevnostni tfidy 8.8.
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Obr. 1: Zakladni geometrie feSenych sty¢nikl — a) Spoj CHS profilt; b) Spoj L profila

Schémata vyrobenych zkusebnich vzorkt jsou znazornény na obr. 2. Jako material pro vyrobu
&elnich desek byla dodana ocel t¥idy S355 a pro CHS i L profily pak byla vyuzita ocel $235. Srouby
M16 byly pevnostni tfidy 8.8, tedy suvazovanou mezi pevnosti f,, = 800 MPa. Pro ovéfeni
materidlovych charakteristik plechti ¢elnich desek a L profilu byly v laboratoii FAST provedeny
trhaci zkouSky materidlovych vzorki a vysledky byly zahrnuty do numerické analyzy sty¢nikd.
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Obr. 2: Schémata zkusebnich vzorkl — a) Spoj CHS profild; b) Spoj L profila

3 NUMERICKE MODELY

Vsechny numerické modely sty¢nikt (obr. 3) byly vytvofeny v MKP programu ANSYS 12.0
s vyuzitim kone¢nych prvki umoznujici nelinearni vypocty (plastické chovani materidlu i vliv
velkych deformaci — Large Displacement Static). Pro modelovani CHS i L profild byl pouzit
4-uzlovy skotepinovy konecny prvek SHELL 43. Pro modelovani ostatnich prvki spoje (Celni desky,
Srouby, matice, resp. hlavy Sroubti) byl pak pouzit 8-uzlovy 3D koneény prvek SOLID 45. Dale byly
pouzity kontaktni prvky TARGE 170 a CONTA 174 pro vytvofeni tzv. kontaktnich pari mezi
povrchy Celnich desek a mezi povrchy Sroubil a vnitini plochou dér v Celnich deskach — obr. 4 a), b).
Zatizeni bylo do spoje vnaseno, podobné¢ jako u realnych vzorkt, ptes prutovy prvek, ktery simuloval
privafenou zavitovou ty¢. Tento prutovy prvek byl modelovén s vyuzitim 3-uzlového prostorového
liniového prvku BEAM 189 se zadanym kruhovym prufezem o priméru 33 mm. Prutovy prvek byl
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se skofepinovymi prvky (reprezentujici CHS, resp. L profil) propojen pfes fidici uzel pomoci
kontaktnich prvkit TARGE 170 (pro fidici uzel v prostoru) a CONTA 175 (uzly na skofepinach)
s vyuzitim tzv. MPC (Multi-Point Constraints) algoritmu (vice viz [4]). Okrajové podminky pak byly
zadavany na koncové uzly prutid a zatizeni bylo vnaseno v podobé zadané osové deformace u..

b)
Obr. 3: Numerické modely sty¢nikti — a) Spoj CHS profilt; b) Spoj L profila

) )
Obr. 4: Kontaktni plochy (u modelu s CHS profily) — a) mezi povrchy celnich desek;
b) mezi povrchem Sroubii a vnitini plochou dér v Celnich deskach

Koneénym prvkim byly zadany nasledujici materidlové vlastnosti (podobné jako [6], [7]):
Youngliv modul pruznosti E = 210 GPa a Poissontiv soucinitel v = 0,3. Pfi vypoctu byla uvazovéana
fyzikalni nelinearita (plasticky vypocet) i teorie velkych deformaci. Pruzno-plastické chovani
materiald bylo vyjadfeno multilinearnimi pracovnimi diagramy dle obr. 5, které vychazely
z provedenych materidlovych zkousek. Jelikoz tahové zkousky Sroubd provedeny nebyly, vychazelo
se pro tento pracovni diagram z dostupné literatury a byl pouzit materialovy model dle prace
Swansona [8]. Numerické modely byly v mnoha ohledech zjednoduseny, napiiklad napojeni matice
na Sroub a nasledné spojeni mezi matici, resp. hlavou Sroubu a ¢elni deskou bylo namodelovano jako
tuhé, coz presné neodpovida skutecné situaci, ale pro vystizeni chovani spoje je toto zjednoduseni
dostacujici.

Pracovni diagram materialu plechu tl. 10 mm Pracovni diagram materialu plechu tl. 15 mm
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Obr. 5: Pouzité pracovni diagramy materialti — a) plech tloustky 10 mm; b) plech tloustky 15 mm
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Pracovni diagram Sroubt Pracovni diagram materialu profilu L 90x10
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Obr. 5: Pouzité pracovni diagramy materialti — ¢) Srouby;
d) profil L 90x10 (stejny pouzit pro profil TR 89x8)

4 VYSLEDKY LABORATORNICH ZKOUSEK STYCNIKU A
NUMERICKEHO MODELOVANI A JEJICH VZAJEMNE POROVNANI

Pfi laboratornich zkouskdch byly zlisu zaznamendvany udaje o vnaSené osové sile a
o celkovém posunu ve svislém sméru. Grafy se silové-deformacnimi kiivkami jednotlivych sty¢nika
ziskanych pfi fyzikalnich testech jsou zobrazeny na obr. 6 az 9. Nejprve byly provedeny testy spoju
s Celnimi deskami tloustky 15 mm, kde nebyla pfedpokladana vyznamna plastizace desek a
o unosnosti spoji mélo rozhodovat poruseni Sroubl. U téchto vzorkd bylo provadéno postupné
zatézovani, diky ¢emuz je ze silové-deformacnich kiivek (obr. 6 a 7) patrna tuhost samotnych
sty¢nikil. U spoje CHS profili doslo neoc¢ekavané k poruseni zavitové tyce vlivem excentricity, ktera
testovacim zafizeni nelze ovlivnit a bohuzel uz mald excentricita zptsobila vyraznou zménu
namahéni v zavitové ty¢i. Velikost této imperfekce je obtizné kvantifikovatelnd, avSak na chovani
zkoumanych sty¢niki vliv nemd. Vysledky ze zkousky sty¢niku CHS profilti tedy neprokazuji
skutec¢nou unosnost vzorku. U spoje L profili pak doslo dle predpokladi k poruseni prosttedniho
Sroubu, a to strzenim zavitu.

U spoju s ¢elnimi deskami tloustky 10 mm byla ocekavana vyrazna deformace Celnich desek
vlivem plastizace. Pfi téchto testech jiz vzorky nebyly zatéZovany postupnym pfitéZovanim, ani
nebylo dosazeno plné tinosnosti spoji (z divodu bezpecnosti prace v laboratoii). Cilem zde bylo
dosazeni trvalych plastickych deformaci v Celnich deskach, kterych bylo dosazeno, cozZ mimo jiné
potvrdilo napft. pfekroceni méfici kapacity tenzometrt.

Silové-deformaéni k¥ivka spoje CHS profil(i -
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Obr. 6: Silové-deformacni kiivka ze zkusebniho lisu — Spoj CHS profilt s 15 mm ¢elni deskou
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Stejné jako pii fyzikalnich testech, také u numerickych modeli byla sledovéana zavislost
vysledné osové sily (F:) na celkové osové deformaci spoje (u.). Vysledné silové-deformacni kiivky
byly nasledné porovnavany s vysledky provedenych experimentd (obr. 10 — 13). Jelikoz vsak
numerické modely vyjadiovaly Cisté vlastnosti samotného sty¢niku, zatimco pfi testech byly vysledky
ovlivnény také vlastnostmi zkusebniho lisu, bylo tfeba tyto realné podminky zohlednit ve vysledcich
numerického modelovani. Laboratorni podminky byly zohlednény zavedenim tuhosti Celisti lisu
v prokluzu a pocateénim prokluzem (podobné jako [9]), coz mélo vliv na hodnoty celkové osové
deformace sty¢niku, pti zachovani hodnoty vysledné osové sily.

Hodnoty tuhosti lisu v prokluzu byly urceny na zakladé vysledkd experimentti (dle sklonu
experimentalni silové-deformacni kfivky) a zavisi mimo jiné na materidlovych vlastnostech
uchyceného prvku, na jeho rozmérech, ¢i povrchu. Vzhledem ke stejnému zptisobu uchyceni vzork
ve zkuSebnim lisu, byla stanovena tuhost v prokluzu pro vSechny experimenty stejna a jeji velikost
byla 27 MN/m. Zavedeni této tuhosti do vysledkd numerického modelovani ovlivnilo sklon
ziskanych silové-deformacnich kiivek. Velikost pocate¢niho prokluzu pak byla pro kazdy experiment
uréena individudlng. Vyse popsana zména sklonu je patrna z kiivek na obr. 10 a 11 (kiivky ,,ANSYS
bez zohlednéni tuhosti lisu“ a ,,ANSY'S se zohlednénim tuhosti lisu®).

Porovnani silové-deformacnich kiivek
spoje CHS profilii s ¢elni deskou tl. 15 mm
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Obr. 10: Porovnani silové-deformacnich kiivek — Spoj CHS profilt s 15 mm celni deskou
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Obr. 11: Porovnani silové-deformacnich kiivek — Spoj L profili s 15 mm ¢elni deskou
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Porovnani silové-deformacnich kfivek
spoje CHS profilt s ¢elni deskou tl. 10 mm
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Obr. 12: Porovnani silové-deformacnich kiivek — Spoj CHS profili s 10 mm ¢elni deskou
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Obr. 13: Porovnani silové-deformacnich kiivek — Spoj L profili s 10 mm ¢elni deskou
5 ZAVER

V MKP programu ANSYS 12.0 byly vytvofeny numerické modely Sroubovanych montaznich
spoji CHS a L profild scelni deskou, které byly testovany v laboratofich FAST. Porovnani
experimentalnich a numerickych silové-deformacnich ktivek ukézalo, ze numerické modely vystihuji
zakladni chovani sty¢nikd. V grafech na obr. 10 a 11 byly s experimentalni kiivkou porovnany jak
vysledky numerickych modelt se zohlednénou tuhosti celisti lisu v prokluzu, tak 1 vysledky
neupravené, které vyjadiuji tuhost samotnych sty¢nikd. Tyto pivodni hodnoty byly porovnavany
s casti experimentalni kiivky pii odlehceni a opétovném zatizeni, kterd ukazuje skutecnou tuhost
samotného vzorku, bez vlivu tuhosti zkusebniho lisu. Z porovnani je zfejmé, Ze tuhosti numerického
modelu i realného vzorku se shoduji. U vSech grafti jsou pak naznaceny urovné zatizeni, pfi kterych
v numerickych modelech nastdvad prvni plastizace (dojde k piekroceni meze kluzu materialu) a

uroven zatizeni, kdy je dosazeno 5% plastického pietvofeni. Toto pifetvofeni uruje mezni stav
numerického modelu, dle [10], Ptiloha C.

Numerické modely sty¢nikii, u kterych bylo rozhodujici poruseni §roubti bez paceni, vystihuji
dobte chovani stycniku. Modely sty¢nikt, u kterych dochézelo k vyraznému paceni Sroubd, vykazuji
drobny nesoulad — redlny vzorek vykazuje vyssi tuhost po zplastizovani ¢elni desky, nez numericky
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model spoje. Pro tyto typy spoji by bylo vhodné provést dalsi experimenty s podrobnéjsi studii vlivu
paceni na celkovou tuhost sty¢niku.

Pro dalsi vyzkum se pfedpoklada provedeni dalSich experimentl s vétsim poctem zkuSebnich

vzorki. Cilem celého vyzkumu je pak navrh pfipadnych tprav stavajicich analytickych vztaht, které
jsou uvedeny v normé a nejsou dostatecné obecné.
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RELIABILITY ANALYSIS OF THIN-WALLED CYLINDRICAL SHELLS
Abstract

The subject of the article is the verification of the reliability of thin-walled rotationally
symmetric cylindrical shells, using probabilistic approaches. Internal forces and stress of the shell are
analysed assuming a membrane action. Material and geometric characteristics of the steel shell are
considered as random variables. The reliability index is evaluated using the Latin Hypercube
Sampling method. The results of the reliability analysis are derived in a general form, so that they
may be useful for assessing the reliability of tanks and pipes.

Keywords
Reliability, safety, probability, steel, tank, course, shell, thickness.

1 INTRODUCTION

Apparently, rotationally symmetric shells represent the most frequently encountered type in
engineering practice. If internal moments are absent and only inner forces are present in the shell,
then the shell is said to be in the so-called membrane state. This state is advantageous and desirable in
terms of material strain, and it is thus important in design to ensure that this state is compromised
minimally by unsuitable design [2]. Vertical cylindrical steel storage tanks represent a typical
example of rotationally symmetric shells. A rotationally symmetric tank is loaded by hydrostatic
pressure constantly along parallel circles. The solution of this type of shell is relatively simple, and in
many cases, it may be applied for the reliability analysis of pressure pipes of power plants.

2 ROTATIONALLY SYMMETRIC SHELLS IN THE MEMBRANE STATE

The evaluation of internal forces and stresses in rotationally symmetric tank shapes can be
simplified and calculated as rotationally symmetric thin shells, see Fig. 1. The derivation of the
computational formulas for determining the internal forces of the shell proceeded particularly
from [4].

The rotationally symmetric thin shell depicted in Fig. 1. is characterized by the prescription
of its middle surface and thickness ¢. If we project a perpendicular (normal) 7 to the mid-surface from
point M, we can use this normal to define two mutually perpendicular planes which intersect the mid-
surface at the points of maximum and minimum curvatures. These planes are called the principal
normal planes.

The first principal plane is determined by the normal # and axis of rotation o. The normal n
is at an angle o with the axis of rotation. The intersection of the first principal plane with the shell
mid-surface forms curve C» which represents the meridian. Curve C, has, in point M, the centre of
curvature Oq, where the distance between the centre of curvature O, and point M is the principal
curvature radius 7e.

I Prof. Ing. Zdenék Kala, Ph.D., Department of Structural Mechanics, Faculty of Civil Engineering, Brno
University of Technology, Veveti 331/95, 602 00 Brno, Czech Republic, phone: (+420) 541 147 382, e-mail:
kala.z@fce.vutbr.cz.
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The second principal plane is perpendicular to the first principal plane, and the second
principal curvature radius 7y, which is determined by the distance between point M and the centre of
curvature O, located on the axis of rotation lies here. The task is rotationally symmetric for all points
lying on circle Cy on the shell mid-surface. The distance of each point of the circle C, from the centre
of curvature O, is ry. The principal curvature radius 7, is a cone the base of which is the circle Cy.
The position of points on the circle Cy is determined by the angle ¢. For radius r of the circle Cy , it
holds that 7=rysin a.
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Fig. 1: Rotationally symmetric shell

The principal sections form a network of meridians and parallels on the mid-surface, the
intersections of which are determined by angles « and ¢. If we consider hydrostatic pressure as our
only load, the internal forces may then be analysed using the equilibrium equations of the membrane
state of an axially symmetric shell, see Fig. 2.
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Fig. 2: Internal forces of the shell in membrane state

Hydrostatic pressure from the liquid is represented by the surface load p, [Nm?]. Loading p,
evokes internal forces, which can be analysed using the conditions of equilibrium. The arrows in
Fig. 2. represent internal forces N, V. By multiplying the membrane size (Na, Ny, Va, Vy) by the
length of the segment on which it acts, we obtain the respective internal force. For example, the
normal component Ng, acts on segment 12, and it corresponds to the force N -r-dp. Movement by

. L o N
reedo. in the direction of the meridian leads to change of N. to the value N, da , whereas by

oa
multiplying by the length of element 34, we obtain the relation for the normal force in the form
Na+aN"’ da r-d¢+Mda . (1)
o o
Modifying (1) and neglecting small quantities of higher orders, we obtain
Na'r'd¢+wda~ Q)
a

From the moment equilibrium condition with regard to the centre of the element, and
neglecting the members of the higher orders, we obtain

V,.-rde-r,-da=V, r,-dp-r-da=0, 3)
from which it follows that Vo=V,~=V. Furthermore, let us express the force equilibrium condition in

the direction of the normal. The resultant loading caused by the hydrostatic pressure of oil acting on
the thin wall in the direction of its normal is

p,dA=p, -r-do-r do. 4)
The resultant of membrane forces N, in the direction of the normal upon neglecting the small
quantities of higher orders is
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N,-r-de-da, ®)]

which is shown in Fig. 3, representing the vertical section passing through the axis of the shell.

No rdo + —(La(N“@(rxd ) do

Fig. 3: Force equilibrium condition in the direction of the normal in the vertical section

I\)l%

No radond2—(p

Fig. 4: Force equilibrium condition in the direction of the normal in the horizontal section

The projection of membrane forces N, in the direction of the normal is displayed using
sections perpendicular to the axis of rotation, see Fig. 4. By adding the two normal forces N,
-rerda-sin(dg/2) and substituting sin(dg/2)~ d@/2, we can express the force in the horizontal plane as
Ny -rada-d @, see Fig. 4. and Fig. 3. Upon projecting this force in the direction of the normal, see Fig.
3, we obtain

N, 1, -da-dg-sin(a). (6)
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Adding (5), (6) and (4), we obtain the force equilibrium condition (7) in the direction of the
normal.

N,-r-dp-da+N,-r, ~da~dg0~sin(a)—pr r-do-r,-da=0. )
Substituting r=r¢sin( ) into equation (7), we obtain (8).
Na-rw+N¢-ra=p,_-r¢-ra. ()
Modifying equation (8), we obtain the final form (9) of the equation.
N
BeyZeop. ©
’/;x ry)

3 THE RELIABILITY CONDITION OF THIN-WALLED CIRCULAR SHELLS

A typical example of vertical cylindrical steel storage shells are tanks for the storage of crude
oil, which are made of thin plates. The dominant load case of the cylindrical tank is the load on the
inner surface of the shell due to hydrostatic pressure of oil which loads the shell constantly in parallel
circles. For thin-walled circular cylindrical tanks, it holds that a=90°, r=rysin 90°=r,, rs=co,
pe <0; 180°>, 0<rg=r<wo, see Fig. 5.

N

H A ;

A

Fig. 5: Thin-walled cylindrical shell

Substituting r.=co0 and r= r, into (9), we obtain the equation for a rotationally symmetric
circular cylindrical tank as

N,=p, r, (10)
N, is the internal force evoked by the hydrostatic pressure caused by the oil which acts on

dCa, the other internal forces Na, Va, V, are equal to zero; it results from the equilibrium conditions.
Surface loading p, [Nm] at the depth / is due to hydrostatic pressure of oil and is of magnitude:

p.=p-gh, an

where p is the density of oil at temperature 20°, which can be considered as 880 kgm_3 (globally

listed values are in the interval 730 - 1000 kgm™), g is acceleration due to gravity, which, in our
latitude (49°), is approximately g=9.81m-s.

Substituting (11) into (10), we obtain
N,=p-g-h-r. (12)
The resultant force acting perpendicularly to the surface #dC., (in the centre of segment 14 or
23)is
F=N,-dC,. (13)
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For reliable design and operation of the tank, the reserve resistance G must be greater than
zero, i.e., the loading force F (action) is less than or equal to the plate resistance R:

G=R-F>0, (14)
where R is the resistance which can be calculated as
R=f -t-dC,, (15)

where f; is the yield strength. The condition of reliability (14) can then be written with regard to (13)
and (15) as

G=f t—p-g-h-rz0. (16)

Equation (16) represents the equation for assessing the design reliability or service reliability
of circular cylindrical tanks according to a number of standards, e.g., EEMUA 159 [5] or AP1653 [6].
Reliability according to standards is provided mainly by low (safe) values of the permissible stress,
however, a non-zero probability that failure will occur always exists, see, e.g., [1, 3].

4 RELIABILITY ANALYSIS

Variables in equation (16) are considered as random in probabilistic assessments of reliability.
Failure occurs when inequality (16) is not fulfilled. Reliability of all courses can be evaluated using
the reliability index f acc. to Cornell [7], which is defined as the reciprocal of the variation
coefficient of the reserve reliability, and is determined assuming normality of distribution of G acc. to
the relation:

p=e, (17)
GG

where i is the mean value and og is the standard deviation of random variable G. Reliability
index fis related to the failure probability Pracc. to the relation P=® (-p), where @ is the cumulative
distribution function of the standardized Gaussian probability density function. Due to degradation
phenomena, decrease in the thickness of the tank shell takes place during operation. This is frequently
caused by corrosion. The effect of changes in plate thicknesses can be studied using (17) provided
that random variables G, F, R have Gaussian probability density functions. Let us study the
relationship between the nominal plate thickness ¢ and value £ (17). In (16) 7 =223 -03 =22 m
(depth of 0.3 m from the bottom). The distance 0.3 m from the bottom in the reliability condition (16)
is taken into account because the calculation of internal forces (9) is inaccurate near the bottom or
change in thicknesses in the connection of courses. The value of 0.3 m is listed in standards
EEMUA 159 and API 653. Input random values f, and ¢ were considered with Gaussian probability
density functions. Yield strength f, was considered with mean value g5 = 393.5 MPa and standard
deviation op = 25.4 MPa [8]. The thickness of the course ¢ was introduced with mean value g = ¢,

and standard deviation o; = 0.04-¢ [8]. Random variables f; and ¢ are statistically independent.

The evaluation of £ (17) was performed using 100 simulation runs of the Latin Hypercube
Sampling method [7, 9]. As an illustrative example, let us consider the tank which is in operation near
the village of Nelahozeves. The tank radius is 42.235 m, the fill height is 22.3 m, the tank height is
H=24.0 m. The curves of S vs ¢ for a selected set of values p-g-h-r are presented in Fig. 6. The solid
line shows the curve for pg-hr=9115 kNm; corresponding to parameters p=1000kgm?,
g=9.81ms?, h=22 m, r=42.235 m. It is obvious that the reliability is sufficient for values
corresponding to an actual tank of thickness /=39 mm. The values f for other intermediate factors p,
g, h, r, t are interpolated from Fig. 6 analogously.
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Reliability index Failure probability P,

- - LT 7.77E-24
91 - 1.15E-19
8 1 I 6.29E-16
71 - 1.29E-12
6 _F 9.90E-10
5 1 L 2.87E-7
4 L 3.47E-5
i L 1.35E-3
2 1 L 0.0228
1. 1 0.1587
0 : "I. : : : , : ARy Y

0 5 10 15 20 25 30 35 40 45 50

Thickness of shell courses t [mm]
Fig. 6: Reliability index £ vs thickness ¢

5 CONCLUSIONS

The methodology for the evaluation of reliability of thin-walled rotational symmetric
cylindrical shells was demonstrated in the paper. The reliability was analysed using reliability index
. Fig. 6 shows how the value of £ decreases with decreasing ¢. Decrease in thickness ¢ is usually due
to corrosion. For safe operation >/, where the target value S is the normative value ensuring
reliable operation of thin-walled structures. The generalization of the analysis of reliability evaluated
acc. to p-g-h-r makes it possible to assess the reliability of technologically important facilities of
power plants which are modelled as thin-walled rotationally symmetric cylindrical shells loaded
along their perimeters by constant pressure perpendicular to the surface of the shell.
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NUMERICAL ANALYSIS OF BUCKLING OF VON MISES PLANAR TRUSS
Abstract

A computational algorithm of a discrete model of von Mises planar steel truss is presented.
The structure deformation is evaluated by seeking the minimal potential energy. The critical force
invented by mathematical solution was compared with solution by computer algorithm. Symmetric
and asymmetric effects of initial shape of geometric imperfection of axis of struts are used in model.
The shapes of buckling of von Mises planar truss of selected vertical displacement of top joint are
shown.

Keywords

Potential energy, von Mises planar truss, computer algorithm, discrete model, normal solution,
bending solution, initial geometric imperfection.

1 INTRODUCTION

The von Mises truss is a static specific planar problem. This is a classic elastic system having
numerous references in literature [1- 4]. The truss is created by these points, of one top joint, and two
simple supports (with free rotation and fixed translation boundary conditions). The top joint is
connected with the supports by means of straight bars. These bars were divided on forty-nine
segments and fifty nodes. The discrete model is obtained in such a way. If the structure of this planar
truss is loaded so that the vertical deflection will be imposed to top joint, our output will be individual
shapes of buckling of the von Mises truss [5]. For a real structure, only one correct way of
deformation will occur, but computation programmes need not be able to differentiate these shapes.

The present paper describes an algorithm which simulates the loading of top joint of the von
Mises truss by deformation — deflection, calculates the force acting at the place of top joint and
illustrates the shapes of buckling of the von Mises truss at individual deformation steps. The
computation programme was applied to the model of von Mises truss consisting of bars formed by
real profiles IPE 200. The values resulting from the programme were compared with mathematical
solution.

The programme also takes into consideration the influence of geometrical imperfections which
can occur in building practice.

I Ing. Martin Kalina, Department of structural mechanics, Faculty of civil engineering, Brno University of
Technology, Veveri 331/95, 602 00 Brno, Czech Republic, phone: (+420) 541 147 131, e-mail:
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Fig. 1: Calculation model of von Mises truss

2 INPUT PARAMETERS OF CALCULATION MODEL

The scheme of calculation model of the von Mises truss is illustrated in Fig. 1. The loading is
defined as a vertical deflection at top joint. The known parameters are the span L and the angle
formed by the non-deformed von Mises truss with horizontal plane a. If the span L and angle o are
known we can evaluate the height of von Mises Truss 4, see (1).

L
h=""t 1
5 g (D

Subsequently, the bar length (2) can be calculated applying the Pythagorean theorem and
initial coordinates of individual mass points of the model are evaluated, see (3), (4).

" 2 £2
L'=.|h +(2) 2

X =i 3)

="t 4)

where:
i — represents the index of calculated node.

If coordinate y; is evaluated for the top joint, then (4) is adjusted to the following equation
stemming from (1) and (3):

yi=h-Chion )
n

3 DESCRIPTION AND MATHEMATICAL TESTING OF CALCULATION
ALGORITHM

The model formed will be loaded, at top joint, by vertical deflection w. This deflection will be
increasing by each iteration step £. In the initial step, the value w =0 m. The size of initial deflection
is w=10.01 m for each iteration step. Small deformation d (d = 1x10"® m) according to the equation
(6) will be imposed to the first (not the zero) node, the other nodes are included into the calculation
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without deformation (7). According to Fig. 1, at the beginning and at the end of the bar, it can be seen
the form of simple supports, therefore, the deformation d will not be inserted in these nodes. Their
coordinates will be then constant on the value xp=yy=y, =0 and x, = L during the whole loading
time. The small deformation d is added (upper index U) and subtracted (upper index L) from the
coordinate of counted node. In this way, four quadrate matrices are obtained:

U

¥ =xvdy! =yivdxf =xi—d.yf =y ~d (©)

i

L

in:xi :xi’yiU:yiL:yi (7

3.1 Calculation of potential energy and solution of the problem of position by the
Newton iteration method

For the so modified models, their potential energy can be calculated for corresponding
coordinates modified by the small deformation d:

v_1 U U
Ep; =E.(Ku.2(ux)z+[(w-2(¢x )ZjEpy = ( ( )Z+K Z(gay)zj ©
8
L 1 L L L 1 L
o, ST, St Pt L (ST ok, St )
where:
K, — isaxial toughness of segments connecting individual nodes [Nm!]
EA
K, = 9
= ©)
K, — is bending toughness of a unit formed by a node connecting two neighbouring segments
[Nm]
EI
K, = 10
’=T7 (10)
E  — Young’s modulus of material elasticity [Pa],
A — size of cross section area [m?],
I — second moment of area [m*],
u  — size of distance between node i and (i+1) [m],
2 2 2
”)lc] :\/(le U)Z (yz+1 J’i) ‘\/(xi+1 —x<) +(J’i+1 _yi) (11
2
u,[v] :\/( Xivl — (yHl —Ji )2 \/ Xivl — + y1+1 yl)
@ — size of rotation between node 7 and (i+1) [rad]
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0 =0 -0 =arctg[y — ij‘]—arctg(y =2 5]

x;z - xl;l xi;l - in (12)
60;/ _ ¢gr1 —(ﬂl-U = arctg Yira ~Vinl — aretg Yin 7Vi |
Xiv2 ~ Xiyl Xiyl =X

Analogously, ui,uﬁ,@f ,(pf will be obtained. The small deformation d will be inserted in the

following node and the calculation will be repeated. The Newton iteration method was applied to find
extremes of these potential energies:

Ik}t )= =t L6t ol )= =1 0) (13)
where:
J (xlk ),J ( lk ) - is the Jacobi’s matrix of partial derivations of the vector of function fin the
given iteration step & for node i with coordinate x, or, as the case may be, y,
v(xf ),v( ,k ) - vector of unknown deflections of coordinate x, or, as the case may be, y
and
f (x,k l f ( Ik ) - numerical central derivations for vectors of potential energies, as given in
relation (14)
EpY - Ept Ep) - Ep;
k Px P k y Y
x; )= flyf )=——————. 14
) B (14)

Assuming the matrix J (xl-k),J (ylk ) to be regular, the vector of unknown deflections

v(xf‘lv(yf‘ ) gets just only one solution. The resulting values can be obtained, e.g. by applying the

Gaussian elimination method, and so, new positions of individual nodes of the model can be
determined:

k+1

x; =v(xik)+ xk,yk :v(yik)+ yE (15)

In such a way, new coordinates for displacement of nodes are calculated. In next step of
calculation, the model is loaded by increasing size of initial deflection w = 0.01 m for each iteration
step k and calculation is continued from equations (6 and 7).

Y(midpointindex) = h—k-w (16)

The outputs are the diagram of dependence of the force on vertical deflection of top joint and
buckling shapes of the von Mises truss at individual iteration steps. This method was published in [6].
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3.2 Comparison of computer algorithm with mathematical solution

The model of von Mises truss of span L = 10 m and angle o = 45° was chosen for the present
study. The model was divided into 50 nodes, 49 segments with axial tension stiffness and 48 bending
units with bending stiffness. The cross section for straight trusses was the profile IPE 200 loaded by
bending about the minor principal axis. The objective was to find the critical force F., at changing
vertical deflection w and to compare this value of critical force with mathematical solution. The
mathematical solution [7] is based on the pair of cases in Fig. 2.

K
X
Fig. 2: Cases: a) Longitudinal solution b) Bending solution

One of these cases is the assumption of bar with bending stiffness equal to infinity. Such
truss cannot buckle when loaded by vertical deflection of top joint, it remains straight after
deformation and thus / — oo . Its elongation or shortening will be obtained from the relation (17)

A=pp="E (17)
EA

According to the equilibrium condition in the middle joint, it holds:

F:2N-sina’:2N-h;W (18)
The equation (19) was derived with used (17) and (18):
F=2E g v (19)
L I
where:
[*  —is the length obtained from the Pythagorean theorem [m].

The equation (17) will be then modified. This solution was derived in [8]:
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L +w? = 2hw

(20)
\/L’2 +w? = 2hw

F :2%.(h_w).L

For the second case, a straight bar with high axial stiffness 4 — o and real bending stiffness
EI/L' is considered. Due to this fact, only buckling of the bar can occur, elongation or compression
does not take place. The problem of plane buckling is concerned, where the value of the Euler critical

2
force can be written as N=Ncr=7z2E1/L' . The situation is presented in Fig. 2b. By
substituting N = N, into the relation (18), it will be obtained:

2
Fy=2% g
L’ ZY

2]

Dependence of the force F» on vertical deflection was expressed. To find the critical vertical
deflection w,, it will suffice to compare the two cases, F] = F, :

2
ww:h—\/hZ_ﬂz.i[z_L’fz[AJ 22)

By substitution into the equation for the problem examinated, w,, =9.84x10"" m will be
obtained, and subsequently, the studied critical force F,. = F} = F, =83.236 kN will be calculated.

Maximum force reached according to the computation programme was F,,, =83.126kN. The

calculation deviation differs by 0.13%. It can be concluded from this fact that the calculation carried
out on behalf of a computer algorithm is relatively accurate. This method was published in [9].

4 NUMERICAL NONLINEAR ANALYSIS OF IMPERFECT TRUSSES

As real building structures are influenced by geometrical imperfections, the chosen problem
will be enlarged by their introduction into a computer programme. In Fig. 3, there can be observed
some shapes of buckling of trusses when changing the vertical deflection w, as it was described
in [10]. The studied von Mises planar truss has an angle a=15°. Both models are loaded by
geometrical imperfections.

The model on the left is loaded by symmetrical imperfection, which having shape of one half-
wave sine function with amplitude L'/1000. The deformation of the form of model is the same,
contrary to the model on the right. There, the imperfection with amplitude L'/1000 is introduced
with amplitude only into the left bar, the right bar remains straight without influence of imperfection.
The very small bow imperfection L'/1000 of left bar has made significant asymmetry deformation of
von Mises planar truss during loading step, see Fig. 3. It can be seen that the models with
symmetrical imperfection deform less than the models with asymmetrical imperfection. To make the
difference in curvature of axes evident, an enlarged scale had to be used.
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@ Symmetric initial imperfection @ Asymmetric initial imperfection

L1000 L1000 .

=:30.031 m

w, =1.52m w, =1.52m
0.04 m
f‘\/\& e
W, =2.28 m W, =2.28 m
w,=2.68 m w, =2.68m

Fig. 3: Deformation of the von Mises truss with initial imperfection: a) Symmetrical b) Asymmetrical

5 CONCLUSION

In the present paper, the algorithm was described which simulates the loading of top joint of
the von Mises truss by deformation — by deflection, the value of force loading on the top joint is
calculated, and the shapes of buckling of the von Mises truss are illustrated at individual deformation
steps. The programme output was compared on behalf of mathematical solution. Some shapes of
buckling of the model of the von Mises truss with the influence of the symmetrical and asymmetrical
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initial imperfections were presented. According to the study, it can be assumed that the models with
asymmetrical imperfection deform more than the models with symmetrical imperfection. For the
future, it is planned to find how these model behave when introducing other initial geometrical
imperfections. Results have shown that the computer programme can be also useful for studying
load-deflection curves of asymmetrical trusses with random imperfection.
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NUMERICKE SIMULACE TESTU V BIAXIALNIM OHYBU NA KRiIZOVEM TELESE
7Z KVAZIKREHKEHO MATERIALU

NUMERICAL SIMULATIONS OF TEST UNDER BIAXIAL BENDING ON CRUCIFORM
SPECIMEN MADE OF QUASI-BRITTLE MATERIAL

Abstrakt

Prispévek predstavuje numerickou studii vlivu vybranych vstupnich parametri materidlového
modelu na prubé¢h testu ve zkusebni konfiguraci biaxialniho ohybu k#izového télesa s koncentratorem
napéti i bez n¢j, vyrobeného z kvazikiehkého materialu. Jde konkrétn¢ o tzv. Gilsocarbon grafit
pouzivany jako moderator jaderné reakce v reaktorech jadernych elektraren ve Velké Britanii.

Kli¢ova slova

Biaxialni ohyb, kiizové zkusSebni téleso, kvazikiehky lom, numerickd simulace, model
kohezivni trhliny.

Abstract

The paper is focused on a numerical study of the influence of selected input parameters of the
used material model on the progress of a test in the configuration of biaxial bending of cruciform
specimen with and without notch made of quasi-brittle material. In particular, the tested material is
Gilsocarbon graphite that is used as a moderator of nuclear reaction in gas-cooled nuclear reactors
in UK.

Keywords

Biaxial bending, cruciform test specimen, quasi-brittle fracture, numerical simulation,
cohesive crack model.

1 UVOoD

Siroké pouzitelnost kvazikiehkych materialai (napf. cementovych kompozitd, riznych druhi
keramiky, aj.) v riznych prvcich stavebnich konstrukci z nich déla kandidaty vhodné pro detailni
analyzu jejich chovdni a optimalizaci rOznych stranek jejich navrhu a provedeni
(mnozstvi/cena/kvalita apod.). Jejich poruseni souvisi s rozvojem trhlin. O vzniku a pocatecnich
stadii rozvoje trhliny, tj. iniciaci poruSeni konstrukce, se neda presvéd¢it pouze vizualng, a to diky
existenci rozsahlé zony u ¢ela makroskopické trhliny, kde probiha vlastni porusovani. Diky ,,difuzni
form¢ tohoto jevu lze na rozsah poruSeni z optického vjemu usuzovat az pii dosti vyrazném
poskozeni materialu. Mimo jiné proto se provadi testovani téchto materialti na zkuSebnich télesech,
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kdy se zachycuje odezva télesa na plsobici zatizeni az do jeho celkového zni¢eni magistralni trhlinou
probihajici celym prifezem.

K nejcastéjsim konfiguracim lomovych zkousek kvazikiehkych materialt patii tzv. tiibodovy
napéti. Zatizeni je v uvedenych zkouskach aplikovano jako jednoosé, hovoii se v této souvislosti
o uniaxilit¢ téchto zkuSebnich geometrii. Tyto testy jsou relativné snadné na provedeni a
vyhodnoceni, jehoz vystupem jsou tzv. lomové parametry, pouzitelné pii ruznych analyzach ¢i
srovnanich.

Trendem poslednich let svétového vyzkumu porusSovani kvazikiehkych materialti je vSak
respektovani prostorového zatizeni [3]. Umoziiuje to existence vhodnych zkuSebnich zatizeni
a vypocetnich nastroji [4]. Ucelem je pak zlepSovani tirovné pokrocilych materiald a analyza novych
Pro aplikace sahajici od procesorovych a polovodi¢ovych soucastek az napf. po grafitové tyce
v jadernych reaktorech je relevantni popis poruseni kvazikiehkych materialii klicovy.

Posouzeni bezpecnosti a funk¢nosti, potazmo odhad budouciho vyuZiti pokrocilych jadernych
elektraren (jaderna energie je neodmyslitelné soucasti feSeni dnesni energetické situace a jisté ji
v blizké budoucnosti nadale zlstane) patii mezi vyzkumné tkoly zasadni dilezitosti. V souvislosti
s pokro€ilymi jadernymi elektrarnami ve Velké Britanii (VB), oznacovanymi zkratkou AGRs
(Advanced Gas-cooled nuclear Reactors, ve VB je jich étrnact), probihd na univerzitdich v Bristolu,
Manchesteru, Sheffieldu a Oxfordu vyzkum degradace a porusovani tzv. Gilsocarbon grafitu [5,6],
coz je kvazikfehky material uzivany v reaktorech zminénych jadernych elektraren jako moderator
jaderné reakce. OdliSnost oproti béznym jadernym reaktorim spociva v chladicim médiu, které
odvadi teplo vytvofené pfi jaderné reakci (Obr. 1). Voda byla nahrazena plynem — oxidem uhli¢itym
(COy).

Gilsocarbon grafit (Obr. 2) ve formé blokd (modely ve zmenseném méfitku zobrazeny
na Obr. 3) ulozenych v reaktoru (zmensSeny model na Obr. 4) zde plni funkci moderatoru jaderné
reakce (latka slouzici ke zpomaleni neutrontl) a je vystaven mnoZzstvi riznych typl zatizeni (velka
teplota a tlak; radiolytickd oxidace; apod.), které maji nezanedbatelny vliv na rozlozeni napéti
v objemu grafitovych blokti béhem jejich zivotnosti a naslednou degradaci/poruseni. Obecny grafit je
tvofen Cisté z uhliku (C — Werner, rok 1789 [7]), zatimco Gilsocarbon grafit je heterogenni material
s pfimési zivice (bitumenu) Gilsonitu. Pfimér k betonu se tedy piimo nabizi (pojivo + kamenivo).
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Obr. 1: Schéma reaktoru jaderné elektrarny typu
AGR (pievzato z [8]), pod odkazem s Cislem 3 se Obr. 2: Vzorek kvazikiehkého Gilsocarbon
naléza grafitovy moderator (ostatni odkazy, viz [8], grafitu (pfevzato ze [9])
nejsou pro tento ¢lanek relevantni)
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Novatorsky typ testu Gilsocarbon grafitu byl navrzen v [9]. Jedna se o biaxialni ohyb télesa
ve tvaru kiize, télesa mohou byt opatfena koncentratorem napéti v priseciku ramen télesa.
Vyhodnoceni zkousky vSak postradd lomovy prfistup. Nastinény problém otevira cesty pro velice
zajimavy a aktudlni vyzkum kvazikifehkého Gilsocarbon grafitu pomoci biaxialni zkuSebni
konfigurace v dobé¢, kdy UK bilancuje Zivotnost svych jadernych zafizeni.

Obr. 3: Modely blokt z Gilsocarbon grafitu
vkladanych do reaktoru pouzivané na University
of Bristol pro posouzeni odolnosti reaktoru na
zemétieseni (foto © Vesely 2014)

Obr. 4: Model dna AGR reaktoru pouzivany na
University of Bristol pro posouzeni odolnosti
reaktoru na zemétieseni (foto © Vesely 2014)

Prispévek se zaméfuje na pilotni studii ohybového testu na kiizovém télese za pomoci
vypocetniho nastroje na bazi kohezivni trhliny, umoznujictho simulaci prostorového lomového
chovani konstrukei ¢i jejich prvkd. Ve studii jsou v uvahu brany rizné aspekty modelu i vlastni
zkousky: vstupni materidlové charakteristiky dostupné z literatury i referen¢nich testt; moznosti
snimani odezvy konstrukce na jeji zatizeni; vliv tvaru télesa (napf. vliv otvorti po upeviiovacich
Sroubech pro sniméani otevieni trhliny) apod. Numericky model umozni odhadnout spravna mista pro
tenzometricka méfeni a usnadnit naslednou lomovou analyzu. Sniméni akustické emise (AE) béhem
experimentli by mohlo, diky lokalizaci AE udalosti, poskytnout ovéfeni vypoctového modelu —
véetné vlivu okrajovych podminek, kterymi je fizen biaxidlni stav napé&ti zkusebniho télesa [10].

VA%

2 NUMERICKY MODEL KRiZOVEHO TELESA

Z dostupné geometrie (ukazka na Obr. 5) byl vytvofen vypoctovy model, vérné kopirujici
rozméry zkuSebniho télesa, pouzitého pii experimentu provedeného ve VB (University of Bristol).
Rozvrzeni podpor ma zéasadni vliv na Uroven biaxility — puisobenim zatizeni (béhem experimentu
vyvolané priristkem posunu pii¢niku, pfenesenym ze zkuSebniho lisu do zkuSebniho vzorku pies
sférické téleso) se jednd o konfiguraci pétibodového ohybu zkusebniho télesa. Posunutim podpor
v urcitém sméru (Obr. 5) ma za nasledek zménu biaxialni napjatosti za vyuziti pouze jedné testovaci
geometrie (vyhoda sériové vyroby téles napt. pro pozdé&jsi citlivostni analyzu). Zkusebni téleso je
opatfeno koncentratorem napéti ze své spodni strany — mélkym zafezem — ve volitelném uhlu oproti
centralni rovin¢ télesa (zmena rozlozeni napéti a jiny princip poruseni). Nevyhodou této zkousky ve
varianté, jak byla provedena a publikovana v [9], jsou vSak celkem &tyfi vyvrtané diry pro Srouby
(Obr. 6), které pii experimentu ,,nesou’ bfity, na kterych se, pomoci svérkovych métidel, méfi tzv.
otevieni Gsti trhliny (CMOD — Crack Mouth Opening Displacement) v zavislosti na zatézovaci sile
zkuSebniho zafizeni. Jak bylo zminéno, tyto otvory ovliviiuji smér $itici se trhliny, jez inklinuje
k dalsim koncentratorim napéti v narusené struktufe grafitového ligamentu. Dusledky takto
vzniklého problému se (posléze) bude snazit nakonfigurovany numericky model kvantifikovat pro
vyhodnoceni testu ¢i navrhnout sniZeni tohoto efektu. Materialové charakteristiky Gilsocarbon grafitu
se v literatufe [5, 6, 9] rdzni, avSak jistd shoda byla nalezena: Youngiv modul pruznosti
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E=10,9 GPa, Poissoniv soucinitel v=0,2; jednoosa tlakova pevnost f. = 28 MPa, jednoosa tahova
pevnost f; = 2,32 MPa a lomova energie Gy =260 Jm™.

Numerické modely kiizového télesa (Obr. 7a), klicové pro vSechny naplanované analyzy
a srovnani, jsou vytvoreny ve vypocetnim nastroji ATENA 3D [11], kterym je mozno modelovat
poruseni konstrukci trhlinami, jejich vznik a postupné Sifeni v prub&éhu zatéZovaciho procesu.
Disponuje nelinearnimi modely materialG (plasticita, poruSovéani) pro simulaci jeho realného
poruseni. Lomové-plasticky model pro beton (3D Nonlinear Cementitious 2), ktery byl pouzit i pro
simulaci kvazikfehkého Gilsocarbon grafitu, kombinuje konstitutivni modely pro tahové (lomové) a
tlakové (plastické) chovani [12]. Samotny model lomu je zalozen na klasické ortotropni formulaci
rozetfenych trhlin s implementaci modelu pasu trhlin (model kohezivni trhliny).

50 mm

150 mm
Obr. 5: Ukazka geometrie zkusebniho télesa

v pétibodovém ohybu, vyvolavajici vyrazné
biaxialni stav napéti (pfevzato z [9])

Obr. 6: Poruseni kiizového télesa z kvazikiehkého
Gilsocarbon grafitu (pfevzato z [9])

Parametry zachycené odezvy zkuSebniho zafizeni béhem realného experimentu jsou zatim
dvojiho typu (sila a CMOD). V tomto duchu se usili autorti zaméfilo na verifikaci v ramci umisténi
monitorovacich bodt. Béhem simulace byl navic zaznamenavan prihyb ve spodni ¢asti numerického
modelu a reakce na pfirGstek deformace zatézovaci hlavy. Siti kone¢nych prvkl byla vénovana
zvySena pozornost zejména v mistech pfechodu dvou pfilehlych ramen télesa. Jedna z variant
vypoctového modelu byla generovana z prvki ve tvary Sestistént (tzv. bricky), pficemz vSechny dalsi
varianty jiz byly generovany z prvkl ve tvaru Ctyi'stént (tzv. tetrahedrony).

Obr. 7: Numericky model kiizového télesa pro biaxialni ohybovy test, a) s detailem podpor,
b) varianta s odklonem sméru trhliny o 0° a otvory pro Srouby, c) varianta
s odklonem sméru trhliny o 45° a otvory pro Srouby
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Hloubka zafezi (respektive délka trhliny) byla zvolena v péti hodnotach (6, 8, 10, 14
a 18 mm). Uhel sméru trhliny zaujimal dvé pozice — odklon o 0° a odklon o 45° oproti stiednicové
roviné dvou hlavnich ramen télesa, jako je tomu naznaceno na Obr. 7b a 7c. Varianty (viz déle,
v legendé oznatované jako SROUBY) vyuzivajici $rouby byly uvazovany ve dvou alternativach:
tfeni oceli o grafit (soucinitel tfeni x#=0,1 pro grafit s oceli) nebo pevny kontakt obou povrchu.
Pricemz Sroub byl modelovan elastickym isotropnim materidlovym modelem, dostupnym v knihovné
nastroje ATENA 3D, modelujicim ocel o Es =210 GPa a v=0,3. Rozpéti podpor ¢ini 140 mm pro
oba sméry — tedy jedna varianta pfedstavujici equibiaxidlni konfiguraci.

3 DISKUZE VYSLEDKU

3.1 Srovnani z hlediska rozvoje trhlin
Jednotlivé varianty numerickych modelt kiizového zkuSebniho télesa jsou shrnuty v Obr. 8§,

10 mm (relativni hloubka odpovidajici 0,4) s thlem odklonu sméru trhliny od stfednicové roviny 0°
(Obr. 7b). Varianta B je podobna, avsak thel odklonu zaujima hodnotu 45° (Obr. 7¢). Varianta C
koneénych prvka (kouty télesa a spodni kvadr u varianty D jsou modelovany tetrahedrony a ostatni
varianty bricky).

Prostiedni sloupec Obr. 8 ukazuje zplGsob vzniku a §ifeni poruseni v pocateCnich stadiich
zkousky, zato prava Cast zobrazuje stupen poruseni na konci nasimulované zatézovaci kiivky (viz

.....

.....

— LPZ) v rozich zafezu a trhlina ma tendenci postupovat ve sméru osy x az do okamziku, kdy je
poruseni odklonéno do koutd kiizového télesa (pies otvory pro uchyceni bfitll). Zato varianta B
vykazuje trend $ifici se trhliny v pozadovaném sméru sklonu 45°. Ve variantach C az E se sice trhliny
§ifi uprostied télesa, ale nemaji predem dany smér. Postupné se propaguji do koutl zkusebniho télesa.
Jak jiz bylo zminéno, otvory pro upeviiovaci Srouby funguji jako koncentratory napéti
(parazitni poruSeni), coz lze zaznamenat u vzoru trhlin pfi srovnani varianty A s B. Odklon
télesa. Ve skutecnosti je velkd Cast energie potiebna k Sifeni trhlin iniciovanych v otvorech pro
upevnovaci Srouby. Srovnani varianty s otvory pro Srouby (C) a bez nich (D, E) ukazuje na snadnéjsi
Sifeni trhliny v prospéch variant C, coz by ve vyhodnoceni testu vedlo k nizsi ziskané hodnoté¢
lomové energie (hodnocené ze zatéZzovaciho diagramu) vramci stejnych materialovych
charakteristik. AvSak §ifeni trhliny bez odklont pfimo do roht télesa je typické pro varianty D a E.

Var. schéma rozvoj trhlin finalni poruseni

91



i
I

Il

izového testu véetné vzoru trhlin

4

Obr. 8: Jednotlivé analyzované varianty
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3.2 Srovnani z hlediska zatézovacich krivek

Z Obr. 8 jsou znamy zkuSebni varianty ktizového télesa a jejich zatézovaci kiivky (load—
deflection diagramy) shrnuje Obr. 9. Lisi se od sebe predev§im v koncové ¢asti kiivek, kdy se naplno
projevuje Sifeni trhlin. To lze prakticky ukazat na ptikladu varianty B, ktera ma prubéh s nejnizsi
hodnotou pienesené sily pii poruseni kiizového zkusebniho télesa. Je to dano Sikmym umisténim
iniciaéniho zafezu, ktery svou rovinou miii do koutl mezi rameny télesa. Srovnani kiivek pro
varianty C az E jen potvrzuje komentar z predchozi kapitoly.

35

2,5

Varianta A

—Varianta B

Varianta C

—Varianta D

0,5 —Varianta E

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
d [mm]

Obr. 9: Zatézovaci diagram vybranych variant numerickych modeld kiizového télesa

.....

Obr. 10, kde je splnéna logika pro vypoctovy model ve smyslu splnéni piedpokladu, ze vétsi délka
trhliny vede k rychlejsimu (snadnéj$imu) kolapsu zkuSebniho télesa.

Zajimavéjsi pohled na problematiku ohybu kiizového zkusebniho télesa ilustruje Obr. 11. Jsou
zde srovnany tfi varianty zatéZovacich diagramt varianty A, kde je zkouman vliv vyplné otvord
homogennim materidlem, suplujicim montazni Srouby. Respektive variantu, kde jsou otvory
ponechéany bez vyplné, jako je tomu u pfedchozich variant z Obr. 9. K¥ivka pro pouziti Sroubl bez
kontaktu oceli s grafitem (modra) vyznacuje pevné spojeni v ramci vypoctového modelu a znamena
odklon od dvou zbyvajicich variant. Zato pouziti Sroubti s kontaktem ¢i Zadné vyplné vykazuje malé
zmény v trendu (pokud se odmysli koncova cast). Obr. 12 pfedstavuje vzor trhlin pro variantu
SROUBY bez kont. a SROUBY s kont. Vzajemné srovnani ukazuje $iteni trhliny (ve prospéch varianty
bez kontaktnich prvkl) smérem do kouta télesa, aniz by pfechézela pfes otvory pro Srouby. Na druhé
strané pii pouziti kontaktnich prvki je zaznamenano Sifeni ptes plochu (povrch) otvorl pro Srouby.
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numerického modelu kifiZzového télesa
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Obr. 12: Vzory trhlin varianty A numerického modelu kiizového télesa z Obr. 11 ilustrujici vliv

......

4 ZAVER

Clanek piedstavil analyzu vlivu rGiznych aspektd numerického modelu kiizového télesa
ur¢ené¢ho pro ohybovy biaxidlni zkusebni test, jenz byl pouzit pro vyzkum poruSovani Gilsocarbon
grafitu. Ze zjisténych vysledkl je ziejmé, Ze podrobnéjsi analyza ohybového testu kiizového télesa
byla zcela na misté. Uspésnd implementace vypoctového modelu ukazala na problematické aspekty
navrzené zkousky, jez by mély byt eliminovany ¢i zohlednény pii jejim vyhodnoceni. Vhodna délka
ukazuji jako stéZejni. Pro realné testovani by se mél najit jiny vhodny zptisob méfeni deformace ve
spodni ¢asti zkuSebniho télesa s ohledem na koncentratory napéti (respektive iniciatory trhlin).
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Vyzkum byl realizovan za finan¢ni podpory VUT v Brné (projekt juniorského specifického
vysokoskolského vyzkumu FAST-J-15-2727).
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DESIGN OPTIMIZATION OF SANDWICH PANELS
Abstract

The paper deals with design optimization of sandwich structure made of laminate outer layers
and PUR foam core. The thickness of outer layers with the known fibre orientation angle of
individual laminae, referred to as the thickness variable, will be used as design variable. The
optimization problem with displacement constraint will be formulated to minimize the weight of
sandwich with laminate outer layers. The design is optimized using continuous design variable.

Keywords

Optimization, sandwich panel, maximum displacement criterion, thickness design variable,
weight objective function.

1 INTRODUCTION

The optimization of a composite plate is important analysis for design of structures ranging
from aircrafts to civil engineering structures.

The design optimization problem of current interest is the minimization of the weight function
for a sandwich composite plate. This is a design optimization problem which optimizes the thickness
of the sandwich layers to give the minimum weight. Of greater interest to current study are the works
on the design optimization of composite sandwich plates where the thickness of outer layers and the
core are taken as the design variables.

2 SANDWICH THEORY

The typical sandwich structure compounds of three layers. The outer layers are made of a
material that has high strength (fiber reinforced laminates), which can transfer axial forces and
bending moments, while the core is made of lightweight materials such as foam, alder wood etc. The
material used in sandwich core must be resistant to compression and capable of transmitting shear.
The thin cover sheets, i.e. the layers 1 and 3, have the thicknesses /4, for the lower skin and /3 for the
upper skin. The thickness of the core is %, (Fig. 1). In a general case, 4 does not have to be equal to
h3, but in the most important practical case of symmetric sandwiches 4= 3.

Most sandwich structures can be modeled and analyzed using the shear deformation theory for
laminate plates [1-3].

For the resultants N and M the integration is carried out over the sheets only and for the
transverse shear force over the core. The constitutive equations for a sandwich are written in the
hypermatrix form

N) (A B 0)g
M|=[C D 0 |« (1
v) (0o o A
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where N, M, V are the vectors of normal forces, bending moments and transverse shear forces,
respectively and €,,K,7y are the vectors of mid-plane strains, curvatures and transverse shear

strains, respectively. The stiffness coefficients are calculated as

40 &) Lo, o M
4,=4" 44" B = (4,9 - 4,). @)
c,=c,”+c”, D = 1h(2>(c ®_c <”), )
ij i i ij ) ij 14
Ay =Ejh75ij=45 O

where F UY is the transverse shear modulus of the core.

3 SIZING OPTIMIZATION

The optimization process is applied to the approximate problem represented by the polynomial
approximation. The coefficients of the polynomial function are determined by the least squares
regression.

For regression analysis the singular value decomposition is used. When the objective function
and constraints are approximated and their gradients with respect to the design variables are
calculated based on chosen approximation, it is possible to solve the approximate optimization
problem.

One of the algorithms used in the optimization module is called the Modified Feasible
Direction method (MFD). The solving process is iterated until convergence is achieved.

It is important to distinguish the iteration inside the approximate optimization from the loop in
the overall optimization process. Convergence of MFD to the optimum is checked by criteria of
maximum iterations and criteria of objective function changes.

Besides the previously mentioned criteria, the Kuhn-Tucker conditions necessary for
optimality must be satisfied.

Convergence or termination checks are performed at the end of each optimization loop in
general optimization. The optimization process continues until either convergence or termination
occurs.

4 MODELING AND SOLUTION OF SANDWICH PLATE

For the numerical solution the simply supported panel with laminate facings was used [4, 5].
Panel length is L = 3750 mm, nominal width is B = 1000 mm. Thickness of the facings is #; = A3 and
core is sz (Fig. 1). On the panel affects uniform static wind load with intensity of 2 kPa in the bending
plane. The laminate Carbon/epoxy facings are composed of eight identical thickness layers of a
symmetric laminate [0/£45/90];.

It was considered the carbon fibres in epoxy matrix, while unidirectional laminate layer has
characteristics:

Er=230 GPa; E,,= 3 GPa; v/ = 0.2; v, = 0.3; V= 0.6; p; = 1580 kg/m>.

Sandwich core, consisting of polystyrene, has material constants: Ep = 16 MPa;

vp=10.3; pp =150 kg/m’.

Laminate properties were determined by homogenization techniques [4, 12]. Computational
program MATLAB was used to calculate the effective material properties of laminate facings.

Numerical solutions were conducted through the COSMOS/M program. STAR module for solving
linear static was used for calculations. There were used finite elements of the type SHELL4L. These
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are the 4-node multi-layer quadrilateral elements with membrane and bending response and can be
enter up to fifty layers.

h ¥
th BSOS >Laminate facings

Fig. 1: Scheme of sandwich structure

Design optimization problems can be written as follows:
Optimization problem 1:
F(X)=G(h)—> min [N]
1-10™* < h, <0.01[m]
h, =0.1 [m]

0< w<0.0375 [m]
Optimization problem 2:

F(X)=G(h,)—> min [N]
1-107 < h, <0.2[m]
h, =0.001 [m]
0< w<0.0375 [m]
Optimization problem 3:

F(X)=G(hy,h,)—>min [N]
5-10* < h <0.002 [m]
5107 <h, <02 [m]
0< w<0.0375 [m]

The initial values and bounds of design variables, constraints and the objective function are
shown in the Table 1 for optimization problem 1.

Tab. 1: Summary of results of the optimization problem 1

Optimization parameters Initial values Final values Tolerance T
Design variable hi [m] 0.001 5.683-10* 1107
Objective function G [N] 573.75 568.983 1107
Constraint w [m] 0.02378 0.0375 3.75-10%

0.001

0.00095

0.00091

0.00086

0.00082

0.00078

0.00073

0.00069

0.00065

00006 | e

D ¥ O e S
1 2 3 4 5 6

Fig. 2: Variation of design variable /; [m] during the optimization process 1
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The initial values and bounds of design variables, constraints and the objective function are
shown in the Table 2 for optimization problem 2.

Tab. 2: Summary of results of the optimization problem 2

Optimization parameters Initial values Final values Tolerance T
Design variable hy [m] 0.1 7.755-10°2 1107
Objective function G [N] 573.75 447.445 1107
Constraint w [m] 0.02378 0.0375 3.75-10*

0.1

0.09562
0.09125
0.08687
0.08250
0.07812
0.07375
0.06937
0.06500
0.06062
0.05625

1 2 3 4 5

Fig. 3: Variation of design variable %, [m] during the optimization process 2

The initial values and bounds of design variables, constraints and the objective function are shown in

the Table 3 for optimization problem 3.

Tab. 3: Summary of results of the optimization problem 3

Optimization parameters Initial values Final values Tolerance 7
Design variable hy [m] 0.001 0.002 1-10°
Design variable hy [m] 0.158 0.05067 1-10°

Objective function G [N] 900 341.31 1-103
Constraint w [m] 0.01092 0.0375 3.75-10%
0.002
0.00185
0.00171
000156 o
000142 | e
0.00128
0.00113
0.00099 4,
0.00085
0.00070
0.00056 S
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fig 4: Variation of design variables 4, [m] during optimization process 3
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0.158

0.14787

0.13774

0.1276

0.11747

0.10734

0.09720

0.08707

0.07694

0.06680

0.05067 SN DL LLLT TR S 5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fig. 5: Variation of design variables /4, [m] during optimization process 3

Di=p_Z Disp_z
0.0108200 -0.0374330
9.0094576 0.0328020
0.0021151 9.0281160

L 0.0067E26 0.0234300
0.0054100 0.0187440
0.0040575 0.0140530
9.0027050 0.0093721
0.68013525 | 0.06846380
0.0000000 -0.0000000

Fig. 6: Contour plot of deflections w before and after the optimization process 3

Tau_XI
- 20828 .8 Tau_X2
36648,
15821.8 |
B 27486,
18814.9
= 18324.
5887.18
= 9162.0
9.90600 B
B 0.0000
-5887.1 B
-9162.
-18814.
-18324
| -15821.
-27486
--20828.
-3E6E48

Fig. 7: Contour plot of stresses 7, at the bottom of core layer before and after the optimization

process 3

6 CONCLUSIONS

The first order shear laminate theory was used by the FEM analysis of the problem [5-11]. The
problem was formulated as a minimum weight of simply supported rectangular sandwich plate
subject to deflection constraint in the middle of the plate. Design variable were thicknesses 4, and 4,
of sandwich layers. The optimal problem was solved using SLP and MFD method with maximum 70
iterations in each own optimization loop. In the Figs. 2-5 there are depicted variations of design
variables during the optimization processes 1, 2 and 3, respectively. Initial and final values of
optimization processes 1, 2 and 3 are shown in the Tables 1, 2 and 3, respectively. Contour plot of
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deflections w and stresses 7. at the bottom of the core layer before and after optimization process 3
are illustrated in the Figs. 6 and 7, respectively. The most general optimization procedure is
optimization process 3 with two design variables, where designer can optimize whole thickness of
sandwich panel within to take into account both constraints for thicknesses 4, and /.. There was not
taken into account a hygrothermal effect of environment. Only static analysis under mechanical
loading was performed.
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CFD SIMULATION OF AIR-FLOW OVER A ,QUARTER-CIRCULAR” OBJECT
VALIDED BY EXPERIMENTAL MEASUREMENT

Abstract

A Computer-Fluid-Dynamic (CFD) simulation of air-flow around quarter-circular object using
commercial software ANSYS Fluent was used to study iteration of building to air-flow. Several, well
know transient turbulence models were used and results were compared to experimental measurement
of this object in Boundary Layer Wind Tunnel (BLWT) of Slovak University of Technology (SUT)
in Bratislava. Main focus of this article is to compare pressure values from CFD in three different
elevations, which were obtained from experimental measurement. Polyhedral mesh type was used in
the simulation. Best results on the windward face elevations were obtained using LES turbulence
model, where the averaged difference was around 7.71 %. On the leeward face elevations it was SAS
turbulence model and averaged differences from was 15.91 %. On the circular face it was SAS
turbulence model and averaged differences from all elevations was 12.93 %.

Keywords
ANSYS, CFD, turbulence, pressure, experiment.

1 INTRODUCTION

A useful tool to study building to air-flow iteration is Computer Fluid Dynamics (CFD). CFD
is widely used by engineers and designers to predict air-flows and influence turbulence. Accuracy of
simulations depends on problem statement and choosing the right turbulence model with
corresponding grid sensitivity. The flow fields are characterized by the presence of multiple
recirculation zones embedded within a unidirectional flow.

In this paper are CFD simulations of air-flow over an obstacle in shape of quarter-circular
object is presented and compared to data from experimental measurement. For the needs of
simulation, two models were created with different grid sensitivity. Polyhedral mesh type was used to
create a domain with low computer demands.

2 TURBULENCE MODELLING

Modelling of turbulence or air flow around an obstacle can be done by many commercial and
non-commercial programs. For purpose of this article was used Fluent R15 which is part of ANSYS
commercial package. Fluent offers many turbulence models, from one equation up to seven equation
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Architecture, Slovak University of Technology in Bratislava, Namestie Slobody 19, 812 45 Bratislava,
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turbulence model. In this analysis were used following turbulence models: k-¢ (2-eq. model); k- (2-
eq. model); SST (Shear-Stress Transport, 4-eq. model); SAS (Scale-Adaptive Simulation) and LES
(Large Eddy Simulation). All these turbulence models are well described in ANSY'S manuals, so next
will follow only a brief description of these models and for comparison of models their model
formulation will be presented theirs differential transport equations.

2.1 k- model

This model is valid for fully turbulent flows only. Widely used despite the known limitations
of the model. Performs poorly for complex flows involving severe pressure gradients, separations and
strong streamline curvature. Fluent offers three variants of this turbulence model: Standard, RNG and
Realizable and four types of near-wall modelling: standard wall functions, scalable wall functions,
non-equilibrium wall functions, enhanced wall treatment and user defined wall functions. Differential
transport equations for the turbulence kinetic energy and turbulence dissipation rate [1]:

Apky , AeUik) _p 9 Hr) Ok
at + 6x]- _Pk 'D€+Pkb+axj ('u+zrk)axj (1)
ape) , ApUje) _ e _ 9 ) 9k
S+ 5 = 4 (CarPi— Ceape + CanPap) + 5| (4 1) 55 )

2.2 k-w model

Superior performance for wall-bounded boundary layer, free shear, and low Reynolds number
flows. Suitable for complex boundary layer flows under adverse pressure gradient and separation
(external aerodynamics and turbomachinery). Can be used for transitional flows (though tends to
predict early transition). Separation is typically predicted to be excessive and early. Fluent offers two
variants of this turbulence model: Standard and SST. Model formulation for turbulent kinetic energy
and turbulent frequency [2, 3]:

AR | A(PUK) _ o o K B 9k
P % P — Bpko + P, + 0% (” + %) % )
pw) | ApYj®) _ wn 2 o b)) 9k
o T ax YK B = Bpw™ + Fup + 9% (H + cm) 0% “)

2.3 Shear-Stress Transport

These models can simulate the laminar-turbulent transition of wall boundary layers. Proper
mesh refinement and specification of inlet turbulence levels is crucial for accurate transition
prediction. In general, there is some additional effort required during the mesh generation phase
because a low-Re mesh with sufficient stream-wise resolution is needed to accurately resolve the
transition region. Fluent offers two variants of scale-resolving simulation options: scale-adaptive
simulation and detached eddy simulation. SST model formulation [4,5]:

k) |, 3pU) _ 5 _ o i[ a_k]
ot T o = Pk Bpke + - (u + oppie) o, )
The turbulent eddy viscosity is defined as follows:

ajk Ut
VW= > V== 6
t max(a,w,SF) t p ( )

2.4 Scale-Adaptive Simulation

The full transition model is based on two transport equations, one for the intermittency and
one for the transition onset criteria in terms of momentum thickness Reynolds number. It is called
‘Gamma Theta Model’ and is the recommended transition model for general-purpose applications. It
uses a new empirical correlation (Langtry and Menter) which has been developed to cover standard
bypass transition as well as flows in low free-stream turbulence environments. Used for globally
unstable flows, ‘safest” SRS model, as it has URANS fall-back position on coarse grids/time steps,
[6, 7 and 8]. The transport equation for the intermittency and for the transition momentum thickness
Reynolds number:
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2.5 Large Eddy Simulation

Turbulent flows are characterized by eddies with a wide range of length and time scales. The
largest eddies are typically comparable in size to the characteristic length of the mean flow. The
smallest scales are responsible for the dissipation of turbulence kinetic energy. Used for free shear
flows, typically too expensive for wall-bounded flows. Fluent offers five variants of this turbulence
model: Smagorinsky-Lilly, WALE, WMLES, WMLES S-Omega and Kinetic-Energy Transport. In
the WALE model [9], the eddy viscosity is modelled by:
cdod 3/2
e = pi—E0)

(8ij5i7)

7 (€))

dcd
+(sijsij

3 EXPERIMENT

Experimental measurement was carry out in Boundary Layer Wind Tunnel (BLWT) of Slovak
University of Technology in Bratislava, Fig.1. Examined object was quarter-circle shape that was 273
mm high and the quarter-circle radius was 80 mm with 30 mm rectangle part at the ends of quarter-
circle. During this experiment were measured pressures in 16 points in three different elevations 15,
136 and 258 mm above the wind tunnel floor level, Fig.1. During experiment was from previous
measurements found out that the most unpleasant direction of wind was when the model was rotated
by approximately 112° from its original position (when wind direction was perpendicular to the one
of the rectangle face of the model), [10].

Three sets of data were obtained for each elevation, for model rotated by 120°. Every set of
data consisted of approximately 500 values of pressure in each measuring point. For comparison to
CFD simulations were calculated three curves of pressures in each elevation: max., min. and mean.

Measurement conditions were as follows: the frequency of rotors was 20 Hz; the barometric
pressure was varying from 100 440 Pa up to 100 460 Pa; the air density 1.18843 kg/m® up to 1.18947
kg/m?® and the air temperature 19.8°C up to 21°C. Reference value of wind speed were measured 369
mm in front of the model in the high of top edge of object (273 mm) and were as follows: 8.92 m/s;
8.85 m/s; 8.42 m/s and 8.49 m/s. Mean value of reference wind speed was interpolated to 8.745 m/s.

Fig. 1: Left: STU BLWT; Right: model

It needs to be noted that during this experiment wasn’t measured wind profile for the
frequency of rotors (20 Hz). The data for wind profile used in CFD simulation were taken from
previous measurements in BLWT for the frequency of rotors 18 Hz and 26 Hz. Subsequently the data
for wind profile for frequency of 20 Hz were interpolated and the wind profile can be seen in Fig.2
(black coloured curve).
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4 COMPUTER-FLUID-DYNAMIC
As mention before for purpose of this analyse was used ANSYS Fluent R15 software.
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Fig. 2: Left: wind profiles: 18 Hz (red); 26 Hz (blue); 20 Hz (green) and CFD profile (black);
Right: location of pressure taps with respect to wind direction

4.1 Geometry

Geometry was built in Design Modeller. Whole grid dimensions are: L=4 m, B=2.6 m and
H=1.6 m. Quarter-circle object was situated 1m behind inlet boundary (his centre of gravity) in
middle of domains width.

4.2 Mesh

Original mesh was generated using tetrahedron elements and two types of mesh where created.
First mesh had on surface of quarter-circle object element size 0.005 m, advanced size function was
on and set to be fixed, with fine relevance centre, high smoothing and slow transition. Maximum face
size was 0.1 m, maximum size 0.2 m and grow rate of elements from surface of object 5%. Generated
were 1.8-10° elements with 341 504 nodes, model mark is M1. Second mesh had on surface of
quarter-circle object element size 0.003 m, advanced size function was on and set to be fixed, with
fine relevance centre, high smoothing and slow transition. Maximum face size was 0.1 m, maximum
size 0.2 m and grow rate of elements from surface of object 5%. Generated were 3.347-10° elements
with 663 398 nodes, model mark is M2. Both types of mesh were converted in ICEM (fluent solution
module) to polyhedral mesh type with final element number for first mesh 354593 polyhedral cells
with 2088288 nodes, second had 700200 polyhedral cells with 3448831 nodes.

4.3 Boundary layers

Each surface had to have its “named section” to which were in solution module set boundary
condition. Inlet was set as velocity inlet, outlet as outflow and rest of faces was set as no slip walls
without roughness.

4.4 Inputs

In this analysis were used several turbulence models, where each of these models needed his
specific inputs. For all models was used same wind velocity profile, which was defined as user
defined function (UDF) and interpreted to ICEM. Wind profile was divided into five zones, in the
parts where used classic logarithmic function split away from wind profile for the 20 Hz frequency of
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rotors. These heights were 70 mm, 250 mm, 550 mm and 950 mm from where the velocity was
almost constant.

Fig. 3: Model mesh view

Used logarithmic function was:

_ i Ufric | z
U@ =, A+ () (10)
Upper constant part of velocity profile was:
_ . Ufric z z
U@ =y A+ i () + 5 (11)

Where u./~=3.851 m/s was speed at height of terrain roughness zy=0.02 m (nops foil height).
Friction wind velocity was defined as:

Upef—u 8.745-3.851
Usrric = m(zr:eﬁsg-om) = ln(0.273+50-o.02) =1.67m/s (12)

12 4-0.02

Wind profile constants were as follows: 4=(0.81; 1; 1.031; 1.65), B=(0.7; 0.9; 0.935; 1.55),
C=0.95. Comparison of final UDF wind velocity profile to interpolated wind velocity profile can be
seen on Fig.2. it need to be noted that the logarithmic function and constants were set to obtain wind
velocity profile as much as it is possible the same as was interpolated profile, error in wind velocity at
reference height (z,,=0.273 m) was zero, maximum error through the whole curve was 4.3%.

k-¢ model: this model inputs are based on turbulent kinetic energy & and turbulence dissipation
rate ¢ as follows:
Uref'K 874504

U=—7_~= , = 1.338m/s (13)
ln(?f) ln(00.2072 )
_ u* _ 1338% 2.2
k—\/c_u—m—5.97m/s (14)
u3
S(Z) - K(z+2zg) (15)

k- model: this model inputs are based on turbulent kinetic energy & and specific turbulence
dissipation rate o as follows:
w(z) =22 (16)
SST model: this model inputs are based on intermittency y (0~1), turbulent kinetic energy &
and specific turbulence dissipation rate .

SAS model: this model inputs are based on turbulent kinetic energy k and specific turbulence
dissipation rate w.

LES model: this model inputs are based on turbulent kinetic energy k£ and turbulence
dissipation rate €.
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Absolute convergence criteria were set for residual to 10, Spectral synthesiser was used to
simulate fully turbulent environment (SRS turbulence models).

5 RESULTS
During experiment were measured only values of pressure in selected points in three different
elevations, so results are focused on comparison of mean values of pressures obtained from transient
simulations, which are compared to values of pressures from experiment measurements. On the
following graphs are represented results from several transient simulations.
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Fig. 4: Comparison of different turbulence models, elevation +0.015m, model M1
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Fig. 5: Comparison of different turbulence models, elevation +0.015m, model M2
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Results from experiment are shown as shaded area “Gap”, mean value of pressure is
represented by black dots. Two different models are compared M1 with 354593 polyhedral cells and
M2 with 700200 polyhedral cells. Transient simulation was chosen because of its possibility of
averaging results from several iterations, what basically means that the influence or effects of

turbulence is been slowly removed.

Absolute values of averaged errors between experiment measurement and CFD simulations
can be seen in Tab.1. Here the errors represent the percentage differences between experiment value
and CFD value in each point, which have been averaged for objects windward face (points 13 to 16),
leeward face (points 1 to 4) and quarter-circle face (points 5 to 12).

Tab. 1: Averaged errors [%] in pressure values

Location\Model k-eSTDIT | k-0 SSTI SST1 SAS | SAS2 | LESI | LES2
Windward Face 54.26 17.16 15.24 9.32 7.71 9.46
Leeward Face 20.15 17.89 34.67 1591 | 38.07 | 30.19
Quarter-Circle Face 26.48 10.52 10.57 1293 | 20.99 | 34.99
All Points 31.84 15.68 18.93 12.77 | 21.94 | 27.40
Location\Model k-e STD2T | k-o SST2 | SST2SAS | SAS1 | SAS3 | LES3
Windward Face 53.20 16.52 10.43 1554 | 11.62 | 13.65
Leeward Face 21.11 25.53 19.34 57.50 | 26.16 | 31.86
Quarter-Circle Face 23.17 20.75 15.27 37.71 16.94 30.14
All Points 30.16 20.89 15.08 37.11 17.92 | 2645

Final numbers of iterations for each turbulence model are shown in Tab.2, these were different

from expected number of iterations based on Steps multiplied by Iterations.
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Tab. 2: Residuals and convergence

Curve Mark Time Steps x Num. of Abs. Criteria: Time

[s] Iterations Iterations Continuity Step

k-eSTDI T 1 4000 1551 7.6533e-05 0.005
k-e STD2 T 1 4000 1787 7.6504e-05 0.005

k- SST1 1 3000 1744 7.6498e-05 0.01
k- SST2 1 6 000 1201 2.9532e-05 0.005
SST1 SAS 1 15 000 3654 8.6054e-05 0.001
SST2 SAS 1 15 000 10550 9.5301e-05 0.002
SAS1 0.3 12 000 4792 7.8240e-05 0.0005
SAS2 1 15 000 3685 9.5531e-05 0.002
SAS3 1 15 000 11690 9.7329e-05 0.002
LES1 1 15 000 13137 9.7781e-05 0.002
LES2 1 15 000 13231 8.7978e-05 0.002
LES3 0.6705 26 082 20131 7.8754e-05 0.0005

6 CONCLUSION

From presented results, graphs on Fig.4-9 and Tab.1, can be seen that the transient CFD
analysis predicts quite similar flow as obtained from experiment. Because of high CPU requirements,
were simulations ran with small amount of iterations for time averaging. This had influence on
transient results, this is also mention in several works, [11, 12 and 13]. It can be seen on curves that
the influence of turbulence was still present and more iterations are preferred. Several authors
claiming similar problems in their work [14, 15 and 16] (convergence, CPU needs, time).

Results from model M2 with dense mesh were more accurate, for the cost of more time
needed for analyse. Best performed SST turbulence model with dense grid (M2), but SAS turbulence
model with no perturbations using grid M1 predicted pressures with less errors. Looks like, that the
spectral synthesiser, which is producing turbulent environment inside the whole domain is the reason
of higher errors compared to model without it.
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NUMERICKY VYPOCET AERODYNAMICKE DRSNOSTI KOMINA OPLASTENEHO
VLNITYM PLECHEM

NUMERICAL CALCULATION OF AERODYNAMIC ROUGHNESS OF CHIMNEY JACKETED
WITH CORRUGATED SHEETS

Abstrakt

Clanek se zabyva vlivem tvaru oplasténi komina na jeho vysledné zatizeni od uéinkl vétru.
Popisuje moznosti definovani ekvivalentni aerodynamické drsnosti a soucinitele celniho odporu
pfi numerickém modelovani obtékani kruhového valce. Zaméfuje se na stanoveni soucinitele sily
vétru pro komin valcového tvaru, ktery je oplastény tvarovanym plechem. Proudéni kolem komina je
feSeno pomoci software Ansys Fluent s vyuzitim DES modelu.

Kli¢ova slova

Kruhovy valec, soucinitel ¢elniho odporu, aerodynamicka drsnost, CFD, DES model, vysoké
Reynolsovo ¢islo, mezni vrstva, sténova funkce.

Abstract

The article deals with the influence of a shape of the smokestacks casing on the final load
from wind effects. It describes possibilities of defining an equivalent aecrodynamic roughness and
aerodynamic drag coefficient for numerical modelling of the flow around a circular cylinder. The aim
is to solve the force coefficient for a smokestack of a cylindrical shape, which is jacketed with
corrugated sheets. The flow around a smokestack is solved in software Ansys Fluent using the DES
model.

Keywords

Circular cylinder, drag coefficient, aerodynamic roughness, CFD, DES model, high Reynolds
number, boundary layer, wall function.

1 UvVoD

Zatizeni vysokych kominti od ucinkd vétru vyraznou mirou ovliviiuje tvar jejich oplasténi.
Oplasténi komina klasickym hladkym netvarovanym plechem je standartnim fesenim, které s sebou
nese urCité komplikace. Divodem je dilatace materialu, ktera je problematickd zvlasté u komina
velkych rozmér (Obr. 1). Nezddoucim jevim piispiva také kombinace odlisnych materialti nosné
skofepiny a vngjsiho plasté (ocel x hlinik). Z téchto divodl vznika Casto pozadavek na oplasténi
komina plechem tvarovanym. Problém nastava pii dimenzovani takovéto konstrukce, konkrétné
pfi stanoveni soucinitele sily vétru, nazyvaného také soucinitele ¢elniho odporu (drag coefficient c).

Vypocet podle platné normy EN 1991-1-4 zohlednuje pouze obtékani valce s hrubym
povrchem, ale neudéava, jakou ekvivalentni drsnost povrchu pfifadit valci s povrchem typu hladké

! Ing. Vladimira Michalcova, Ph.D., VSB-Technicka univerzita Ostrava, Fakulta stavebni, Katedra stavebni
mechaniky, Ludvika Podéste 1875/17, 708 33 Ostrava-Poruba, e-mail: vladimira.michalcova@vsb.cz.
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vlnovky. V pripadé zohlednéni pouze vysky viny bez ohledu na jeji tvar podle pozadavkll normy
dochazi k vysokému nartistu soucinitele sily vétru, ¢asto az dvojnasobnému.

Obr.1: Deformace oplasténi komina

Cilem prace je pomoci CFD koda v software Ansys Fluent najit moznosti definovani hodnoty
soucinitele celniho odporu obtékaného komina oplasténého dvéma typy tvarovanych plechi (vinity a
trapézovy). Odporovy koeficient je veli¢ina v normé uvadéna jako vySe zmiiovany soucinitel sily
vétru.

2 NUMERICKE MODELOVANI

Problematika obtékani valce s proudénim o vysokych Reynoldsovych &islech je slozity jev,
jehoz feSenim se zabyvaji na mnoha mezinarodnich pracovistich, at’ jiz v experimentalnim [1, 2, 3, 4]
nebo numerickém vyzkumu [3-8].

V ramci predkladané prace je simulovano obtékani realného komina kruhového prifezu
o pruméru 3,36 m. Oplasténi tvoii vinity plech SP18/76 firmy Kovové profily (Obr. 2) a trapézovy
plech SAT158 firmy Satjam (Obr.3). Oba maji vysku viny 18 mm. Zakladni rychlost vétru se
piedpoklada 20 m/s. Jedna se o proudéni vzduchu s hodnotou Reynoldsova &isla kolem Re = 4,5-10°
a je daleko v nadkritické oblasti a proto v mezni vrstvé kolem stény komina je mozno piedpokladat
plné rozvinutou turbulenci.

2.1 Modelovani proudéni v blizkosti stény

V blizkosti stény se feSené veli¢iny rychle méni, vyrazné se zde uplatiiuje pienos hybnosti a
skalarnich veli¢in. Turbulence tésné¢ u stény (ve viskdzni podvrstvé a prechodové vrstveé) je
potlacena, ve vné&jsi casti mezni vrstvy vSak dochézi k vyrazné produkei turbulentni kinetické energie
v disledku Reynoldsovych napéti a gradientu stfedni rychlosti. Proudéni v blizkosti stény lze
modelovat dvéma zplsoby. Prvni z nich definuje st€novou funkci, pomoci niz se pieklene oblast
laminarni podvrstvy a prechodové vrstvy, tj. oblast mezi sténou a oblasti plné vyvinutého
turbulentniho proudéni, kde se uplatiiuje molekularni i1 turbulentni viskozita. Druhy zptisob feSeni
spo¢iva v podrobném modelovani v blizkosti stény (tzv. near-wall modelling) véetné vazké podvrstvy
v souvislosti s jemnosti sité. Pfi vypoctu s near-wall modelling se skutecnou geometrii oplasténi
komina je pozadavek na pocéet bunék ve vypoctové oblasti v soucasné dob¢ zatim nerealny pro feSeni
na stolnich PC.

Redenim ziistava modelovéani obtékani neprofilovaného valce s vyrazné niz§im poétem bungk.
Vliv skuteéného tvaru oplasténi nahrazuje vyuziti sténové funkce, ktera predstavuje soubor polo
empirickych vztaht a funkci, pomoci nichz Ize pro fesenou veli¢inu premostit vzdalenost mezi sténou
a burikou v blizkosti stény. Sténova funkce zahrnuje zakon stény pro stfedni rychlost i teplotu (zde
pouze izotermni d&j) a vztahy pro turbulentni veli¢iny v blizkosti stény.

Sténova funkce je uréena modifikovanym logaritmickym zadkonem:

AB=Lins (1)
K
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kde:

B je aditivni konstanta popisujici funkei drsnosti [-],
K von Karmanova konstanta [-] a
f funkce drsnosti ve Fluentu.

Univerzalni popis funkce drsnosti f- pro rizné typy nerovnosti neexistuje, ale je obecné
zjisténo, Ze dobie koreluje s bezrozmérnou velié¢inou Ky

Koou*
K =Pt )
7
kde:

K je vyska fyzické drsnosti [m],
£ hustota proudiciho media [kg-m™],

u* tieci rychlost [m's'] a

)7 dynamicka viskozita proudiciho média [Pa-s].
Funkci drsnosti obtékaného povrchu s vyraznou nerovnosti Ize pak definovat:
1
AB=—-In(1+C,-K}); 3)
K

kde:
Cs je veli¢ina popisujici typ drsnosti [-].
V manualu Fluent je doporuc¢ovana hodnota 0,5 s moznosti rozmezi 0,5-1,1.

Do vypoétu s vyuzitim sténové funkce vstupuji v ramci okrajovych podminek uzivatelem
zadané veli¢iny Cs a Ky, kterymi je definovana aerodynamicka drsnost ekvivalentni se skute¢nou
drsnosti obtékaného télesa, tady oplasténého komina. Vypoctova sit’ musi byt vytvofena tak, aby
hodnota Ky zasahovala maximaln¢ do stfedu prvni buiky u stény. Vypocet je k spravnému zadavani
okrajovych podminek velice citlivy.

Jelikoz hodnoty Cs a Ks pro dany simulovany dé&j nejsou znamy, je feSeni tlohy rozd€leno
dodvou fazi. Vprvni fazi se jednd o stanoveni ekvivalentni aerodynamické drsnosti obou
profilovanych plecht. Jedna se o stanoveni hodnot Cs a Ks na zaklad¢ vyhodnocenych tlakovych ztrat
a rychlosti proudéni v uloze, ktera umoziuje zpétnou kontrolu s naméfenymi hodnotami
dohledatelnymi v odborné literatufe napt. [9].

Ve druhé fazi feSeni jsou jiz definované veliCiny Cs a Ky vyuzity pro vypocet soucinitele
Celniho obtékaného valce (komina).

2.2 Stanoveni ekvivalentni aerodynamické drsnosti

Uloha je modelovana jako turbulentni proudéni v drsném potrubi o priméru jeden metr a délce
20 metrd. Geometrie stén jsou shodné s geometriemi obou vybranych plechd (Obr. 2 a Obr. 3). Jedna
se 0 2D osové symetrickou tlohu. Vypocétové oblasti jsou dlouhé 20 metrti a z divodu zajisténi
ustaleného proudu je kazda rozdélena na tii Casti. Neprofilovany nabéh je jeden metr dlouhy,
neprofilovany dob¢h tvoii posledni 4 metry oblasti. Sledované stfedni Gseky o délce 15 metrG maji
geometrie stén shodné s geometriemi plechii. Miizky tvoii cca 160 tisic tetra bunék. Ulohy jsou
feSeny stacionarné pomoci SST k-« modelu a jejich vysledky jsou verifikovany s literaturou [9].

Ukolem je navrhnout konstanty Cs a K, které umozni nahradit skute¢nou drsnost obtékaného
télesa sténovou funkci. Sledované jsou tlakové ztraty (Obr. 4) v zavislosti na axialni rychlosti,
na zaklad¢ kterych je mozné hodnoty konstant stanovit. Jak je patrné z obrazkd, pribéhy sledovanych
veli¢in u vlnitého i trapézového plechu jsou témét shodné. Z toho vyplyva, ze ekvivalentni
aerodynamické drsnosti a tudiz hledané konstanty Cs a Ky obou plechii budou stejné.
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Obr. 3: Trapézovy plech SAT158 (rozméry v mm) a proudové pole v jeho okoli

Na zékladé naslednych testovacich uloh jsou hledany hodnoty veli¢in Cs a K pro definovani
aerodynamické drsnosti tak, aby tlakové ztraty pii dané rychlosti zlistaly nezménény. Zajmem je
zachovat doporucenou hodnotu pro Cs. NejlepSich vysledkil je dosazeno pfi pomérné malé fyzické
vysce drsnosti a hodnoty jsou stanoveny:

e Velicina popisujici typ drsnosti: Cs=0,5[-],
e Hodnota fyzické drsnosti: Ks=1,0 mm.

Kontrola spravnosti navrzené drsnosti je provedena a potvrzena pii nasledné simulaci. Jedna
se 0 modelovani proudu vzduchu v rozméroveé shodném potrubi s tim rozdilem, ze 15 metrové oblasti
profilovanych stén jsou nahrazeny rovnymi sténami. Drsnost skute¢nych profilovanych povrcht je
nahrazena ekvivalentni aerodynamickou drsnosti definovanou vyse uvedenymi konstantami.
Pro tento ptipad je pouzita miizka z cca 7 tisic hexa bunék. Pribéhy tlakovych ztrat (Obr. 4) jsou
shodné jako pii modelovani skutecné geometrie. Lze tudiz predpokladat, ze veli¢iny Cs a K jsou
navrzeny spravné a je mozné vyuzit jejich hodnoty ve druhé fazi ukolu - pii definovani
pozadovaného soucinitele éelniho odporu, potfebného pro vypocet U¢inkt vétru na zatizeni
konstrukce.

[Pa] 100

wna S ———tvar vlnitého plechu

50 ——tvar trapezového plechu
\ ——aerodynamicka drsnost

: NV

Obr. 4: Tlakové ztraty v podélné ose potrubi

/7

2.3 Soucinitel ¢elniho odporu

Jednéd se o 3D ulohu obtékani valce (komina). Modelovano je obtékani 5 m dlouhé ¢&asti
neprofilovaného komina ve vypoctové oblasti o rozmérech 80 x 30 x 5 metrti (Obr. 5). Pro vypocet je
vytvofena miizka o poctu 360 tisic tetra bunék. Prvni buiky u stény jsou tvofeny pomoci mezni
vrstvy a stanoveny tak, aby vyska ekvivalentni aerodynamické drsnosti dosahovala maximalné
do poloviny vyiky prvni buiiky u stény. Uloha je fe$ena nestacionarné s vyuzitim DES modelu.

Za ucelem moznosti porovnani vysledkl byly provedeny 2 vypocty:

e Vypocet s ekvivalentni aecrodynamickou drsnosti s hodnotou fyzické drsnosti definovanou

podle zaveérh predeslé kapitoly Ks = 1,0 mm,
e Vypocet s aerodynamickou drsnosti s hodnotou fyzické drsnosti zadanou podle pozadavki
platné normy, kdy Ks odpovida vysce viny, tedy Ks = 18 mm.
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Obr. 5: Schéma vypoctové oblasti s okrajovymi podminkami

V ramci kazdého vypoctu byl zvolen ¢asovy krok 0,05 sekundy, vypocet simuluje proud
po dobu 900 sekund s tim, ze stfedovani veli¢in bylo nastaveno aZ po 200 sekundé simulovaného
déje, kdy je mozné povazovat proudové pole za ustilené. Vysledny ¢as proudu pii Casovém
sttedovani veli¢in predstavuje asi 175 nasobnou vyménu vzduchu ve vypoctové oblasti. V ramci
vypoctu probéhlo asi 1,57-10° iteraci. Okrajové podminky jsou patrné z obrazku 5, kde turbulence
na vstupu do oblasti je zadana pomoci intenzity (20 %) and délkového méfitka (Length scale = 1 m).

Pti vypoctu byly sledovany virové struktury za obtékanym kominem (Obr. 6) i Casovy zaznam
soudinitele &elniho odporu ¢, (Obr. 7). Jeho vysledné stiedni hodnoty pro Re = 4,5-10° vyhodnocené
pfimo v Ansys Fluent véetné ekvivalentni normové hodnoty oznacované cyo jsou zfetelna z obrazku
8.

Ccy [
0,74
-'H|
i
0707 b Aok i |’|, | ‘/fn 1“"
|I,“\ "‘”ll‘ l"r'l
oeal I TN
| Flow time [s]
740 800 860
Obr. 6: Virové struktury za obtékanym kominem 0br. 7: Casovy zaznam ca
koeficientu
C'{ A . o .
o f k/d...pomér drsnosti k priméru komina
£0 \ 4
i \ k/d=10 *  EN1991-1-4 (¢ ),
1 * (k/d=5,357-10")
k/d=10 :
0,8 I 5 ¢ CFD(c,),
= vliv pouze vysky viny, Ks =18 mm
0,6
e CFD(c,),
0.4 vliv vysky i tvaru viny, Ks =1 mm
: > Re
10° 4510° 10

Obr. 8: Hodnota soucinitele celniho odporu (CFD), resp. soucinitel sily vétru (EN)

3 ZAVER
Z vysledkt prace vyplyva, ze pro oba pouzité plechy, vinity (Obr. 2) i trapézovy (Obr. 3),
vychazi soucinitel ¢elniho odporu (v literatufe uvadény drag coefficient c¢;) shodné (kapitola 2.2).
Jeho hodnota stanovena vypoctem s fyzickou drsnosti odpovidajici skutecné vysce viny
(Ks=18 mm) je o 13 % nizs8i, nez udava platnda norma EN 1991-1-4. Pfi vypoctu se stanovenou

ekvivalentni aerodynamickou drsnosti (Ks= 1,0 mm) je hodnota souéinitel ¢elniho odporu nizsi
dokonce o 33 % (Obr. 9).
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Vysledky ziskané pomoci CFD koédua jsou pouze informativni. Ze zavéru lze vsak s urcitosti

konstatovat, Ze vypocet UCinkli vétru na komin oplastény tvarovanym plechem je v normé
nadhodnocen. Pro potvrzeni vysledkli numerickych simulaci je nutna verifikace s fyzikalnim
experimentem nebo detailni numerickd simulace s pfesnou geometrii obtékaného komina, kterou je
mozné fesit napiiklad v Narodnim superpocitaovém centru v Ostravé (http://www.itdi.cz/). Toto
téma bude pfedmétem dalSiho zkoumani autorek.

PODEKOVANI
Prispévek byl realizovan za financ¢niho pfispéni z prostiedkli koncepcniho rozvoje védy,

vyzkumu a inovaci pro rok 2015 piidélenych VSB-TU Ostrava Ministerstvem $kolstvi, mladeze a
télovychovy Ceské republiky.

(1]

(2]
(3]

(4]

(3]

(6]

(7]

(8]

(9]

LITERATURA

DOBES, J. & KOZUBKOVA, M. The influence of numerical models on determining the drag
coefficient. In Proceeding of the International Conference on Experimental Fluid Mechanics.
Kutna Hora, Czech Republic, 2013. EPJ Web of Conferences.

ROSHKO, A. Experiments on the flow past a circular cylinder at very high Reynolds number.
Journal of Fluid Mechanics. 2006, X. Nr. 1, pp. 345-356. ISSN 0022-1120.

LAUSOVA, L., MATECKOVA, P. & SKOTNICOVA, I. Experimental and numerical
analysis of sSteel frame structure exposed to high temperature. Transactions of the VSB -
Technical University of Ostrava: Construction Series [online]. Warsaw, Poland: Versita, 2014,
Vol. 14, Issue 2, pp. 64-68 (5 pp). ISSN 1804-4824 (Online); ISSN 1213-1962 (Print).
DOI: 10.2478/tvsb-2014-0022.

MICHALCOVA, V., KUZNETSOV, S. & POSPISIL, S. Numerical modelling of air flow
attributes in a Contractions chamber. Transactions of the VSB - Technical University of
Ostrava: Construction Series [online]. Warsaw, Poland: Versita, 2014, Vol. 14, Issue 2,
pp. 11-16 (6 pp). ISSN 1804-4824 (Online); ISSN 1213-1962 (Print). DOI: 10.2478/tvsb-
2014-0026.

CATALANO, P., WANG, M. & TACCARINO, G. Numerical simulation of the flow around a
circular cylinder at high Reynolds numbers. Journal of Heat and Fluid Flow. 2003, XXIV, pp.
463-469. ISSN 0142-727X.

BREUER, M. A challenging test case for large eddy simulation: high Reynolds number
circular cylinder flow. Journal of Heat and Fluid Flow. 2000, XXI. Nr. 1, pp. 648-654. ISSN
0142-727X.

SQUIRES, K. D., KRISHNAN, V. & FORSYTHE, J. R. Prediction of the flow a circular
cylinder at high Reynolds number using detached-eddy simulation. Journal of Wind
Engineering and Industrial Aerodynamics. 2008, XCVI, pp. 1528-1536. ISSN 0167-6105.
SHUR, M. L. Unsteady A hybrid RANS-LES approach with delayed-DES and wall-modelled
LES capabilities. Journal of Heat and Fluid Flow. 2008, XXIX, pp.1638-1649. ISSN 0142-
727X.

KOLAR, V. & VINOPAL, S. Hydraulika primyslovych armatur, (P¥irucka praktickych
vypoctl. Praha: SNTL, 1963. 650 pp.

Oponentni posudek vypracoval:

Doc. Ing. Ol'ga Hubova, PhD., Katedra stavebnej mechaniky, Stavebna fakulta, STU v Bratislave.
Prof. Ing. Miro§ Pirner, DrSc., Oddéleni dynamiky a stochastické mechaniky, UTAM AV CR, v. v. i.

118



Sbornik védeckych praci Vysoké $koly bainiské - Technické univerzity Ostrava
fada stavebni, ro¢nik 15, ¢islo 2, rok 2015
¢lanek €. 15

Maria MINAROVA!, Jozef SUMEC?

APPLICATION OF MORE COMPLEX RHEOLOGICAL MODELS
IN CONTINUUM MECHANICS

Abstract

The paper deals with mathematical modeling of the structural materials representing their
rheological properties. The materials are modeled by more complex models (enhancement of Voigt
and Maxwell models). The constitutive equations are derived; the relationships within the creep and
relaxation process are developed. The rheological behavior of the materials is introduced.

Keywords

Rheological models, differential operator form of the constitutive equations, relaxation, creep,
retardation and relaxation time intervals, biorheological processes.

1 INTRODUCTION

Rheology studies the stress-strain response in the matters, and especially the rate of its change.
We will treat the solid substance rheological properties; derive the relations among stress, strain and
their time derivatives, their time integrals and time. [5, 6, 10]

The linear rheological modeling is based on a few elementary models that are assembled in the
certain way in the complex that matches the physical situation in real material as much as possible.
Then the properties of the entire complex model are compounded from the particular properties of
elementary models involved. In the paper we deal with modeling of the rheological properties of the
solid matters, where the viscoelasticity belongs.

We will further suppose that:

- investigated body is quasi-homogeneous viscoelastic continuum where each point of the body
together with its arbitrary small neighborhood nicely represents the entire body

- the Boltzman criterion of superposition is in valid

- the axioms of constitutive equations phenomenological theory is in operation

- the linear theory of viscoelasticity goes into the consideration under isothermal conditions

- the impenetrability of the matter is warranted

2 ELEMENTARY RHEOLOGICAL MATTERS

The deformation properties will be expressed by the combination of stress — strain relations
and their time derivatives of elementary rheological models.

The elastic matter is represented by a spring characterized by its spring constant E. Likewise
in the case of a matter showing both elastic and viscous properties. In such a case we combine the

! RNDr. Maria Minarova, PhD., Department of Mathematics, Faculty of Civil Engineering, Slovak Technical
University Bratislava, Radlinského 11, 81005 Bratislava, Slovak Republic, phone: (+421) 59274236, e-mail:
maria.minarova@stuba.sk

2 Prof. Ing. RNDr. Jozef Sumec, DrSc., Department of Structural Mechanics, Faculty of Civil Engineering,
Slovak Technical University Bratislava, Radlinského 11, 81005 Bratislava, Slovak Republic, phone: (+421)
59274455, e-mail: jozef.sumec@stuba.sk
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model of Hook elastic matter (H) and Newton viscous liquid (N). Accordingly, if we want to
incorporate the friction properties in the model, we use the St Venant matter (StV). The friction is
operated by the threshold friction stress or Until this value not reached, the rheological model is
stagnant. Once the stress reaches or exceeds o7 , the mode actuates with the permanent friction
resistance, see Fig. 2.1.

Also the viscous liquid resists the hydrostatic pressure, which causes the volume variation.
This fact is evident from the working diagrams of the elementary matters (H) and (N).

P
p P P TP .
) (SL) H v =
PL P
P P P

(StV)

Fig. 2.1: Selected elementary rheological matters [10]

Legend:

1. Hook’s solid matter (H) 4. Soft (pliant) matter (VL)
2. St. Venant plastic (pliable) matter (StV) 5. Indurate matter (SL)

3. Newton viscous liquid (N) 6. One — sided bound (JV)

3 RHEOLOGICAL MODELS IN VISCOELASTICITY

In [7] we introduce the Maxwell and Kelvin-Voigt models generated from the two
elementary matters (H) and (N). The structural schemes are introduced therein, the mechanism of
the constitutive equation is explained and reasoned, the creep test on both models and relaxation test
on Maxwell model are performed. The relaxation test is not realizable on Kelvin-Voigt model, as it
is impossible to impose the instantaneous deflection. Thus, but it is not the only reason, the
enhancing of the models need arises. The enhanced (more than two-element) rheological models are
more complex and they simulate real corresponding matters better. [2, 4]

3.1 Classical three-element rheological models

In the following the constitutive equation for selected three element rheological models (see
the schemes in the Fig. 3.1) are justified and derived.

Fig. 3.1: Selected three element matters [10]
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The structural scheme of the Poynting-Thompson matter (PTh), see Fig.3.1a), is
(PTh)= (1)~ [(1,)| (N)] = (H,) - (K) (3.1)
where (K) is Kelvin model (parallel assemble of (H) and (N), see e.g. [7]
The system of the corresponding sectional constitutive equations is

&y =€y, néy =0y

(3.2)
Oy+t0y, =0y =0 ElgH, =0y
gH] +8Hz =€ E‘Z‘(;H2 = GHZ

By eliminating of the indexed parameters (stresses and strains) we get a constitutive equation
of (PTh) model in the form

Ené+EE,e=n6+(E +E,)o (3.3)
The rheological model in the Fig 3.1b) represents the Zener matter (Z). Its structure can be

represented by the scheme
(2)=(u, ) [(1,)-(N)] = (11, ) | (m1) (3.4)
where (M) is Maxwell model, see e.g. [7]
Corresponding system of constitutive equations is now of the form

Oy =0y, Néy =0y (3.5)
3.5

o=0y+0y,, Eeg, =0y,

E=¢&y =&y t&y E2.€H2 =0y,

Accordingly, by eliminating of the indexed stress and strain values we get a constitutive
equation of (Z) model

n(E, +E,)é + EE,e =n6 + E,o (3.6)
The third rheological model, see the Fig 3.1c), can be shortened by the structural scheme
('3.1e") = (N,)-[(H)| (N, )] =(N,) - (K) 3.7

Corresponding system of sectional constitutive equations is now of the form

Oy +0y =0=0y 771€'N1 =0y,

Oy =0y, Ee, =0y (3.8)
Ey T éEy, =€ 77251\/2 =0y,

&y =&y,

By eliminating of the indexed stress and strain values we get a constitutive equation of
("3.1¢"):
mn.€+Em, +n,)é=Eo+n,c (3.9)
The 4" model, that one in the Fig 3.1d), is represented by the structural scheme
(3.1d") = (N [[(H) - (N )] = (N ) (m) (3.10)

Corresponding system of sectional constitutive equations is now of the form

O=0y +0,+0y, hén, = O,

_ _ _— (3.11)
E=&y =&y, T &y hén, = O,
Oy, =0y Egy =0y
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By eliminating of the indexed stress and strain values we get a constitutive equation of
("3.1d") model

771772<€,"+E772‘é:E<7+(771 +772)o" (3.12)

The 3™ and 4™ models depicted on the Fig. 3.1 c) and d) are represented by equations,

cumbersome for mathematical treatment, though they do not simulate the matters better; hence it is

optimal to use (PTh) and (Z). Both are formally of the same type and the correspondingo ~¢&
relation can be expressed in the form

Ené+He=no+o (3.13)
where for (PTh), see Fig. 3.1 a), we take:
E=E,, H=EE,/(E +E,), n=n/(E,+E,) (3.14)
and for (Z), see Fig. 3.1 b):
E=E +E,, H=E,, n=1/E, (3.15)

In the relations (3.14) and (3.15) the variables £ and H have their physical meaning: £
represents the value of the immediate modulus and H is a long-lasting modulus. From the equation
(3.13) can be seen that if the deformation rate and stress rate are relatively small in comparison to
the deformation and stress magnitude, i.e. ‘5‘ << ‘5‘ and ‘0" ‘ << ‘U ‘ then ¢and & can be neglected

then, and, in such a case we come back to the classical Hook law o = E¢ . In the case ‘5‘ >> ‘5‘ and

‘5 ‘ >> ‘U ‘ we get a modification of the Hook law (E being an instantaneous elastic modulus.)

6=E¢, (3.16)

Once we append the initial conditions for t=0: € (0)=&,,0(0)=0, alternatively to the

equation (3.13), we can resolve it and find the exact solution of the arisen governing initial problem.

Moreover, when the common initial conditions taken to the account for the matter, i.e. €ov =0 for
viscous element, for (PTh), see Fig. 3.1a) reads

O, o o (3.17)

Ey=Ey =E—&; =&— =f-——=5-——
N H, H,
E E E

. . o e . o
Iféy =0 we get the simple relation & = Z and for initial time ¢, = 0 we acquire & = EO

Hereinafter, regarding the Fig.3.1b) we obtain

0”2 :g_U—UHI :gEl+E2_i (318)
EZ El E2 EZ

Ey =&~

. . . .. . o
Furthermore, if €v = Othen in the time instant ¢ =%, it is valid &, = fo

Considering the usual initial conditions for the material satisfying the constitutive equation
(3.13), it is evident that deformation obeys the Hook law for instantaneous elastic modulus.

Creep test 1 (constant stress exposition): We are questing after the response of the rheological
model in the case when we exposed it to the constant stress (o = const ). Let us recall, that the
corresponding constitutive equation of the model is still given by (3.13). By solving of this equation
with regard to the function €V ) we get the deformation dependence on stress

Ht

g(t)z Ce B+ 2 (3.19)
H
Onward, involving the initial condition

8(0) =
1

(3.20)
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we get the precised solution (& ~ O relationship)
o, (1 _1)% (3.21)
)=+ =——le & ‘
H E H

The expression in the round brackets in (3.21) is negative due to £ >H. A graphical
representation of the (3.21) is performed on the Fig.3.2.

g/H

—

0 t
Fig. 3.2: Creep in time of the (PTh) and (Z) matters for the constant value of stress (above) with
o/ E immediate deformation and o/ H long-lasting deformation magnitude highlighted

g/E

The initial deformation magnitudes (PTh) and (Z) matters are equal to the magnitude of the

elastic deformation 2 .
E

Creep test 2 (step function of stress rheological model exposition): Imposing the constant
stress to (PTh) or (Z) within the time period<0» lo> raises the entire deformation (let us denote it £ ).

Due to ceasing the load suddenly afterwards (in the instant #, o = 0), the equation (3.19) within an
interval <foJ1>a t, >ty will acquire the form

Ht
£(t)=Ce (3.22)
But the “initial value” &, cannot be considered to be an initial condition after the unloading
the model straightly, because due to sudden drop of the stress (o =0) in the instant #, the
deformation £, happens down to the value

g(tg):go —% (3.23)

where in disburdening time ¢ = o the deformation was g, and the stress s, . The superscript + over
the #o signalizes that it the discontinuity in that point should be better described by the limits.
Within the interval <t0,tl>, t, >, the graph will continuously descend approaching to zero. By

substituting (3.23) as the constant of integration to (3.22) we get
_H(i-ty)
s(t > tg): (50 - —ol;f je En (3.24)

Now, we can collect and depict (3.21) and (3.24) in one graph, see Fig. 3.3.
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Fig. 3.3: Creep in time of the (PTh) and (Z) matters
with stress function being piecewise constant

3.2. Differential-operator form of the constitutive equations for complex rheological
models
As performed above, the more complex rheological models are too laborious as soon as the

constitutive equations concerns. For the sake of better convenience and clarity it is worthwhile to
establish of the algebraic rearrangement symbolical method applied to the differential operators:

pie)=d) d') d{d’”(ﬂ (3.25)

dr de\ dr*

dt*  dt
Herein, (o) represents a differentiable function up to the required order. & ~ &relation
involving symbol D represents the stiffness operator of the model. The stiffness operator can be

completed by the all elements regarded as elastic, whereas the coefficient of “elasticity” of the
viscous element is the operator #D.

For the (PTh) model, see Fig. 3.1a), the entire stiffness operator of the network involving the
parallelly connected elastic and viscous element will be

E,+nD=FE (3.20)
Then the entire stiffness of the model is obtained from the relation
% _ EL +EL1 (3.27)
which yields
bt 02
or
(E, + E, +nD)o(t) = (E,E, + EnD)e(z) (3.29)
and after rearranging
Ené+EE,e=(E, + E,)o +n6 (3.30)

It is can be seen that the equation (3.29) corresponds with the equation (3.3). For general
rheological model involving elastic and viscous elements we can express the relative stiffness of the
model in the shape of a rational function of the symbol D. [10, 3]

E(D)= A(D)s A+ AD+...+4D" &(?) (3.31)

B(D)s B,+BD+...+BD"  ot)
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where A, and B,, (1 =1,..,i;m= 0,_,_,]() are the constant coefficients. Equation (3.31) is equivalent

with an ordinary differential equation

A+ Aé+..+ Ag") =Bo+Bo +...+ Bo" (3.32)

In general, the order of the differential equation of the (3.32) type depends on the number of

viscous elements. But on the other hand this order can be reduced due to the viscous elements
ordering. Though the two viscous elements are connected in parallel or serially, see Fig.3.4, we treat
them as just one element; likewise even when an elastic element is located between them. [9, 10]

Fig. 3.4: Viscous elements ordering within a rheological model
that can be formally treated as one element

This facility follows from the coequality of the deformation rates in the case of parallel

connection, and in the case of serial connection the stresses and their rates will be the same. It means
— if the viscous elements will be connected parallelly, then [1, 8]

n=Sn, (3.33)

and for serial connection of several viscous elements

n'= Zn;‘ (3.34)

As we look over the equation (3.31) we can claim that

during the long-lasting constant load the mechanical properties of the system described by
the corresponding rheological model stabilize (¢ — 0,6 —0) and the relative stiffness

converges to the long-term elastic modulus £(0)

ED=0)="b_py (3.35)

B 0

when the instantaneous elastic modulus equals to zero, then the rheological model
describing the mechanical properties of the material, is unusable.
if i =k, then the instantaneous elastic modulus is finite. If i > & then the elastic modulus
raises out beyond all limits
if the long-term elastic modulus equals to zero then if o =const acts sufficiently long to the
construction, the deformations of an arbitrary magnitude can occur
if the long-term elastic modulus H — o, then the fully stiff construction goes into the
consideration; which does not correspond to the reality, so it has to be B, > 0.

when o =0then the solution to the homogeneous differential equation (3.32) can be
expected in the form

&)=Y C e (3.36)
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where A, are the roots of the characteristic equation

i AN =E(4)=0 (3.37)
j=1

Since for 4> 0, the function E(4)is increasing and E(0)>0. Hence, the roots of the (3.37) are
negative, so the solution to the equation (3.36) is represented by the finite sum of decreasing

exponential functions. The values {— A; }lj:l will determine the retardation time intervals. The

retardation times values are collected in the set called the spectrum of the retardation times.
For £¢=0we attempt likewise. The general solution to the equation (3.32) for the unknown
function o = o(¢) will be of the form

k
olt)=2.Ce"” (3.38)
Jj=1

where g; are the roots of the characteristic equation

S B4 = Eu)=0 (3.39)
=
If y; runs from 0 to oo, then the function £7'(x) descends. It is valid

Eil(lu): >0 for u=0 (3.40)
<0 foryu—>ow

The values of H;are called relaxation times and the sequence {—1/ H; },;:1 is called the

spectrum of the relaxation.

Example: Let us take a complex rheological model consisting of k (k£ = 5in this example),
elsewhere an arbitrary finite number) of parallelly connected basic Maxwell models, see Fig. 3.5.

be

Fig. 3.5: Complex Maxwell model

The particular relaxation times aren; =7,/ E;. While solving the task we will apply the

symbolic method for algebraic operations with differential operator D. Particular constitutive
equation written for the i Maxwell model can be expressed as follows:

né=0,+nc i=12,..k
. ( ) (3.41)

where 72, is a relaxation time of /™ particular model and the resultant stress is given by the sum of

stress of particular models.
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Hence, the relative stiffness for i will be

E(D)_ O-i — T]zD (342)
' ¢ 1+nD

The lumping relative stiffness of the rheological model will be yielded from the relation

k
D)= E.D_—_D (3.43)
=3 0)-2 =3
Spectrum of the relaxation times can be completed by solving the equation

= (3.44)

( ) * Z 1+n, y

and
gt (ix12,..k) (3.45)
n

. . 1 .
In other words, the relaxation times spectrum —— of analyzed model is a sequence of

relaxation times #, of all particular Maxwell models involved the investigated system.

While seeking the spectrum of retardation times we will start from the condition

p
E(1)= m _ (3.46)
( ) O:§1+nil 0

E(4)is a decreasing function with a discontinuity of the second type in the points for

A, __1 (i=1.2,.,k)

Among the values 4, ( =12,.. k) there are the roots of the equation (3.46), where the last

value of the root & corresponds to the zero value of time retardation.

4 RHEOLOGY IN BIOMECHANICS

The human body consists of viscoelastic solid materials (bones, muscles, cartilages,
ligaments, tendons, skin, etc. — mechanical behavior of all of them is dependent on the history
of deformation) and over 75% of rheological liquids (circulating blood, urine, gas content of the
lungs, etc.). The viscoelastic properties behavior of human body components provides the protection
of the body from injuries.

It is interesting to observe e.g. the creep of skin while exposed to the stepped stress,
especially after sudden unload the skin — due to changing of the viscous and elastic properties ratio,
the rate of re-getting its original form strongly depends on the age of the one. As an example of the
relaxation the tendon or muscles can be taken. As they are stretched gradually, without overloading,
they relax in time and permanent exercising makes them more stretchy and flexible. The synovial
liquids can be mentioned, acting as dashpot alleviating the hits outcome. The most focused liquid of
the human body nowadays, and maybe even ever, is blood. Rheological behavior of the blood is
caused by several factors. As mentioned in the chapters above, the viscosity of blood, which varies
between 1 and 6 mPa.s, [11], plays the essential role in its rtheological behavior. Among the blood
viscosity influencing factors we can mention the easy deformability of red blood corpuscles,
haematocrit, temperature, osmotic pressure difference on the both sides of the membrane of the cell,
shear velocity affecting the erythrocytes clustering, etc.

Shear deformation of the red blood cells depends on the ratio of the intrinsic liquid viscosity
and the viscosity of the outer ambient. Within the higher velocity range of the blood flow it was
observed the significant decrease of the blood viscosity. This is caused by the profile deformation of
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the erythrocytes to the shape of lengthwise stretched ellipsoids, whereas the membrane of the red
blood cell is rotating around the inner content of the cell. This phenomenon was observed at the
shear stress magnitude over 0.5 Pa. [11]

5 CONCLUSION

The paper deals with the continuation of the previous research of the authors. It performs and
elaborates the enhancements of the two — elements models described therein. The reason for the
enhancement the two — elements models is further better possibility to model real material,
especially biomaterials. The constitutive equations for the entire particular complex model are
derived by using the constitutive equations of elementary models involving the geometrical relations
arising from the configuration of compositions. The explicit stress — strain and strain — stress
relations are performed, appropriate initial conditions involved. For the sake of better mathematical
expressing convenience the differential operator forms are used.

Creep and relaxation tests are introduced; the mathematical treatment is described, the
appropriated mathematical and graphical representations are included.

The last chapter of the paper is devoted to the examples of usage of the models in biomechanics,
especially in biorheology.

ACKNOWLEDGMENT
This work was supported by the grant APVV-0184-10.

LITERATURE
[11  BLAND, D. R.: Theory of Linear Viscoelasticity. Oxford: Pergamon Press 1960.

[2]  CHRISTENSEN, R. M.: Theory of Viscoelasticity. An Introduction. N.Y. London Academic
Press, 1971.

[3] DADALAN, A., HAFLA, A.: Numerical Analysis of Relaxation Test Based on Prony Series
Material Model. Simtech University of Stuttgart, 2010.

[4] DILL, E. H.: Continuum Mechanics, Elasticity, Plasticity, Viscoelasticity. Boca Raton,
London, New York: CRC Press, Taylor& Francis Group 2007. ISBN 0-8493-9779-0.

[5] MASE, G. T., SMELSER, R. E., MASE, G. E.: Continuum Mechanics for Engineers. 3rd.
Part, Boca Baton, London, New York: CRC Press LLC, 2010. ISBN 978-1-4200-8538-9.

[6] MAXWELL, J. C.,: On the dynamical theory of Gasses. Phil. Trans. Roy. Soc. A157,
London 1857.

[77 MINAROVA, M.: Mathematical Modeling of Phenomenological Material Properties —
Differential Operator Forms of Constitutive Equations, Slovak Journal of Civil Engineering.
Vol. 22,2014, no. 4, 19-24, ISSN 1210-3896.

[8] NOWACKI, W.: Theory of Creep. Publishing House Arcady, Warsaw, 1963.

[9T RABOTNOV, N. J.: Creep of Structural Elements. Moscow, Nauka 1966 (in Russian).
[10] SOBOTKA, Z. Reologie hmot a konstrukci. Praha, Academia publishing house 1981.
[11] VALENTA, J.: Biomechanics. Academia, Prague, 1985 (in Czech).

Reviewers:

Prof. Ing. Josef Jira, CSc., Department of Mechanics and Materials, Faculty of Transportation
Sciences, Czech Technical University in Prague, Czech Republic.

Doc. Ing. Eva Kormanikovd, PhD., Department of Structural Mechanics, Faculty of Civil
Engineering, Technical University of Kosice, Slovakia.

128



Sbornik védeckych praci Vysoké $koly bainiské - Technické univerzity Ostrava
fada stavebni, ro¢nik 15, ¢islo 2, rok 2015
clanek ¢. 16

Milan MORAVCIK!, Martin MORAVCIK?

TRACK DYNAMIC RESPONSE AT LOW FREQUENCIES — DOMINANT FREQUENCIES
Abstract

The paper is devoted dynamic effects in the track structure - the quasi-static excitation due to
moving load, as the important source for the response of track components in the low frequency area
(0 Hz < f < 40 Hz). The low-frequency track (the rail) response is associated with periodicity of
wheel sets, bogies, and carriages of passage trains, The periodicity of track loading is determined by
so called dominant frequencies f(q) at a position x of the track.

Keywords

The quasi-static excitation, moving load, the low-frequency response, the influence factor,
dominant frequencies.

1 INTRODUCTION

Dynamic phenomena in a track structure are associated with the operating conditions and are
in the direct relation with the vehicle-track dynamic interaction. In concentrating on the track
structure the dynamic effects may be divided into two groups:

1. The vibration of railway track structures itself — the vibration of rails, sleepers, the ballast
layer, and the embankment.

2. The wave propagation which can cause vibrations in the surrounding of the track and to
produce vibrations to adjacent structures and a radiated noise.

The track response is practically accounts in the low-frequency range (0 Hz < f < 40 Hz), the
medium- frequency range (40 Hz < f < 400 Hz), and the high- frequency range (f > 400 Hz). Each
frequency range has its characteristic frequencies that influence the dynamic behaviour of the track.
All railway track structures (bridges, tunnels) as a track structure as will respond to any form of
loading they are exposed to.

Many different theoretical analytical and numerical models are available to simulate the
dynamic behaviour of railway tracks to moving trains [4]. The track response due to the moving load
is usually focused on the vertical track deflection w(x,#) (the track components - the rail, sleepers,
the ballast bed, the embankment and vibration the near track field), or on the vertical track velocity
Ww(x,t), and the acceleration w"(x,?) of these components. Vibration characteristics vary greatly
between a passenger train, a freight train, locomotives, and high speed trains, which yield frequencies
of excitation to a broad spectrum. The next main track excitation mechanisms are distinguished as:

The quasi-static excitation due to the moving axle load.
The dynamic excitation due to track irregularities and wheel out of roundness.
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This paper is devoted the first group dynamic effects - the quasi-static excitation as the
important source for the response of track components in the low frequency area (0 Hz < f < 40 Hz).
The low-frequent behaviour of tracks is affected by the substructure, see Fig. 1, and with the
periodicity of wheel sets and requires a specific access of solution, see Fig. 2.

— RAIL
— BALLAST
— SUBBALLAST
— PLACED SOILS
l — NATURAL GROUND

>

/ \ SUPERSTRUCTURE

SUBSTRUCTURE

Fig. 1: Ballasted track on soils

The criterions on low-frequency behaviour are either the human perception of discomfort and
structural damage of the track due to vibrations. The periodicity of track loading is determined by so
called dominant frequencies f(4) at a monitored position x of the track.

1 TR TR T TR IR TR R TR

TH 04_No.1, Ex. L350+6W, RK(t)

T t + T + + T
1000 2000 3000 4000 5000

Fig. 2: The measured track deflection w(x,#) due to the passage of the IC train (L350+8W),
cr=32.2 m/s
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To analyse vibration levels for those repeated load, it is important to create a theoretical
excitation model taking into account a periodicity of track loading - the travelling a sequence wheel
loads p, (¢ x)- Such model should be general validity into broader sense of word — for the track on

soils, in tunnels, or on bridges, see Fig. 3.

rBallast bed: h=0,35+ 0,55 m
—Subballast layer: min. h=0,40 m
—Ggeotextile Tensar SS-30

'—Filterring geotextile Tatratex

I I I I

oo —— T
RS T SE 5. AR

Fig. 3: Ballasted tracks on soils, a bridge, and in a tunnel.

This paper is devoted the first group dynamic effects — the simulation of the track structure
vibration due to a moving loading depending on the spacing of the wheel axles, the axle weights and
the speed trains. The numerical analyses are applied to provide a right picture on the track vibration
and they are compared with experimental results.

2 LINEAR ANALYSIS

For a plain track-foundation model — the Euler-Bernoulli elastic beam laying on the Winkler
foundation defined by its stiffness & [kN/m?] per the unit of length (including railpads, ballast, and
subgrade), Fig. 4, what is described in detail in numerous literature [4,6]. This approach is
satisfactory for a low-frequency excitation up to 100 Hz. This statement has been confirmed in
comparing this theoretical approaches to the FEM model and experimental results.

131



m,, . | ) C N E.I
S < ¢ RAIL
=== - {
." ‘\‘ s RAIL SUPPORT
kpo P32 _ - _‘Owbi B3 _ , V2 _ N\ Track stiffness. ... Ky, [N/m]
Track danping......cp+ [N/m]
/4 \\\ / X\~ \\ /77 NN\ /// N\ 7/
0,6 m 0,6 m
\ \
myy, [ PW C
1
" ' ;T E, 1
L

«RAIL
$$$$$$$$$$$$$$$$$~—KZN/m]

Fig. 4: The single layer track model — Winkler beam on elastic foundation

The vertical track (rail) deflection w(x,¢), at the position x and time ¢, due to a single axle load
or a wheel load P,(c,,x) that moves with a speed cris governed by the partial differential equation:

4
Ir 0 W(fal) la W(Zc )+Kw(x,t)=PW.5(x—cT)
Ox ot (1)

where: EI, [kNm?] is the flexural rigidity of the rail, for the UIC rail EI, = 6.415-103 kKNm?,

k [kN/m?] is the track modulus — subgrade stiffness per unit length,
my [t/m] is the rail mass per unit length.

For a low—frequency excitation neglecting damping (up to 100 Hz) — the quasi-static
behaviour of the track is governed by the ordinary differential equation [4]:

d4W(§) _
a2z +EW(G) = F,.6(x=¢; S) o

where: w(f)is the quasi-static track deflection described in the moving frame of reference
(w(&).&), see Fig. 5, &=x—c¢;t is the moving coordinate, &(x—c;&)is Dirac delta

function.
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Fig. 5: The quasi-static track deflection w(x,#) due to a single wheel load P (¢)

that moves with the speed cr

The solution of Eq. (2) can be written as

L :
w(& =c,t) = We Pt (cosﬂ|crt| +s1nﬁ’|crt|)
o )

Where: 5_, X representing a ratio of flexibility between the foundation and the rail,
4EI,

A = A _ it __b& is the amplitude of the track deflection (for the UIC
8EIB°  8.6415,5.8° 51320.5°
rail, EI, = 6415 [kNm?]),

x [kN/m?] is the track modulus — the subgrade stiffness per unit length.

The track modulus x [kN/m?] represents the overall stiffness of the rail foundation (fasteners,
railpads ballast, and subgrade) for the Winkler elastic beam model. The relationship between

K < k is as follows [4]:

k4/3
K=—""77—/6o
64EI )"

In order to examine the effect of the variable track stiffness conditions the parametric study
was created, considering the four subgrade stiffness levels for x [kN/m?], see Tab. 1.

Tab. 1: Track stiffness levels for the parametric study of the track response.

Track type gzrf)g?er; Vertical Track Stiffness | Characteristics
< x [kN/m?] B[m!]

A Low 11700 +23 400 0.8203 +0.9772

B Medium 23 400 + 46 800 0.9772 + 1.1601

C Medium 46 800 + 87 700 1.1601 + 1.3565

D High 87700 + 117 000 1.3565 +1.4587
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3 LOAD DISTRIBUTION DUE TO A TRAIN PASSAGE USING A SEQUENCE
OF CONSTANT AXLE LOAD

To predict the railway track vibration Wy, (x,1) in a place x of the track due to the passage of

a complete train (N, carriages), the moving train load can be estimated as a series of point loads P, at
different locations and different instances of time. Apply such loading series on the track deflection
W) (x,t) imagines the number of similar events with certain delay times 7; — the passage of car

wheels P, monitored position x, see Fig. 6.

N
W) (x,0)= Z W) (t =T )
= (5)

Where: w (t —Tj) is the vertical track displacement from a j-th single wheel P, due to the moving

(P.)

at speed ¢;.

This situation can be described by means the Dirac delta function 6(¢—7;). The effect of a

single wheel P, on the track displacement is as follows:
Wiy (60 =W, (6=0+ CTt)§(t -1 ) = W(R,)(Crt)§(t _Ti) ©)
where: w, | (E=0+ct)=w, p,(ct) is the vertical track displacement with certain delay time 7},

X
T, =—L with x; the position of the impulse load, 6(t—T;) is the Dirac function for the
CT

position of the impulse loading on the track.

Then the travelling of an impulse sequence in time domain Z 6(t —T,) modelling the wheel
JeN,

loads in the track constitute a simple loading model to give the track response W, (x,1).

N,
Fig. 6: The impulse loading train z o(t-T,)

Jj=1

Application of the above consideration due to the train with N, identical carriages and with N,, wheels
in the each carriage is demonstrate in Fig. 7.
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3.1 Spectral composition of a sequence of axle loads
If every moving wheel load P, generates the same vertical displacement response
Wp )0 (t -T, ) , the total track response Wy, (x,?) due to the train passage with N, identical carriages

and with V,, wheels in the each carriage, see Fig. 7, (accounting the invariance of the geometry in the
direction of the track) is given by the superposition:

Wy =3 3w [ ~T, = JT.] (7)

j=l k=l

Where: N, is the number of wheels of the identical carriage, N is the number of carriages.

oMol ol ok kg e g
I'< 16.74 m U o4em ] T

LJ Aheer (mc—43t+lpad 53 1), P,=66 kN L)J
CaY) Cme) | O M G

2451 La=25m  Ly+147m L 245]

L.=24,6 m

f ;25m

L= 172m J

I, 17,2 m
! N '

| b L=246m
' I ]
L L,=246m i
< |

v

Fig. 7: The IC train with N, identical IC carriages and with »,, wheels in the each carriage

The Fourier transform (F.T.) of Eq. (7) is:

o« N, N,
FI{wy (x.0)} = (if ) = jz > i (O[6G~T, = jT,Je > dt
—oc j=1 k=1
3
or as the convolution in time:
W, (if ) = FT{ Wiy, (1) * ZZa(r T, ﬂ)} (8a)
=1 k=1
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Eq. (8) can be arranged [2] as:

izt e N ingjcley
~ . ~ . C C C;
W) ) =W, (i) (T+e T )(+e |1+ e !
j=1

(€))

Eq. (9) can be written in short form

1’T}(T,N{)(if) = "T’(p“)(if) v~V(T,N{)(if) (10)

Where: W, (if) is again the Fourier Transform of the vertical track displacement w,, (-7, ) due

to the single wheel P, at the position 7.

. ~i2a/(2) -2/ (L) e -i2af 22
We, (i) =| (1+e "Yl+e 1+ e r (11)
=1
In Eq. (11) is applied the time shifting rules [1]:
W, (t—T,) <= W(R“)(U’)eiz’rf'n (12)
The function W, (if') has a character shape asymptotic approaching to zero for f— oC, see Fig. 8.

The function W(T)(if ) characterizes the loading of the wheel sequence due to the passage of
the train with N. carriages. From the Eq. (11) is derived so called the influence factor Ry \(f)
expressing the effect of number N, carriages on the track response W7, (¢) in the frequency domain:

R(T,N()(f) = |W~/(r) (lf)| (13)

The sum of finite number of phasors in Eq. (11) is the exponential series with a quotient ¢ and after
the solution and the modification [6], the sum of phasors (application of Euler relations) gives:

L
in| 27 f.N, (==
71-2”/’[%)(%‘) sm[ f C(ch )]

i 42;;/‘.;.(57‘) (14)
e T =e T
= . L,
' sin| 27 f(—)
2¢,
The function W(T)(if ), Eq. (11), after exploitation of Eq. (14) and the arrangement gives:
sin| 27 f.N _( L )
. a2 ~i2a/(22) —es (M) T2,
W, (if)=(1+e "Y1+e )| 1+e 7 (15)
. L
sin| 27 f(—)
2¢,

and the corresponding influence factor R(T‘N[)( f) for N, carriages is defined in the since of Eq. (13) as

. L,
N(,—IJ(Lit) Sm(27[f~Nc(2 )J

2 T

sin (27rf(2LC" )J

—inrrtey _inrrte —i27rf[
R(T,N()(f):(l+e TY1+e T 1+e

cr

(16)
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3.2 Single moving wheel effect in frequency domain

The effect of a single moving wheel on the track structure can be represented in the time
domain with the Eq. (3). In the frequency domain this effect is described by the Fourier transform:

FT-{W(pW)@: =Cr t)} = W(P\f)(if) = J‘_O; W(Pw)(g)eiizﬂfjdt =

tP.B s . o (17)
= j;—xﬂe Ale| (cos Bc,t]+sin Ble,t|).e > dt

—oc

The amplitude spectrum of the quasi-static vertical deflection w, , (&= cTt) of the track due the
single wheel P, is defined as

S,y () =[ivs, (i) (18)
The amplitude spectrum S, ,(f) has a character shape asymptotic approaching to zero for f —oc,

see Fig. 8. The amplitude spectrum S, , (/) for higher train speeds shifts frequency content to higher

frequencies. The amplitude spectrum S, , (/) bounds the total spectrum S, (/) for passage of the
train with N; IC carriages (Chapter 3.1.2).

0.00003 ¢

0.000025 b
‘l
0.00002 F \.
\ - 44 km/h
0.000015F | 43
\ 101
\ - A
0.00001 f__|_ 1555 4 F4 41 . 120 km/h
™ :
5.x1070 F— ¥ BT R 160 km/h

0 10 20 30 4.0 5.() 1555.4 £4 51 200 km/h
Axes: x={[Hz], y=S«@)

Fig. 8: The amplitude spectrum S, , (/) of the quasi-static vertical deflection vy, (E=cyt) of the

track under the single wheel p =66 kN, the track stiffness C, k=87 700 kN/m?, f=1.3565, (Tab.1),
and for the speeds cr=12.2 + 83.3 m/s

3.3 Passage of the train with Nc carriages

If every moving wheel load F, generates the same vertical response w,, ,0 (t—Tj), the total

track response W, N{)(l‘) due to the train passage with N. identical carriages and with N,, wheels in

the each carriage (Fig. 7), is given by superposition Eq. (7). The Fourier transform of Eq. (7) is given
by Eq. (9).

The parametric study for the track response was designed and created to predict the track
response with respect the vertical stiffness of the track X [kN/m?], 8 [m™'], (Tab. 1), and number of

IC carriages N=5+12, for P,= 66 kN, for the characteristics of IC carriages (L~2.5, Ly=17.2,
L=24.6). The train speed were considered as: cr = 12.2; 33.3; 44.4; 55.5; 72.2, 83.3 m/s.
3.3.1 Amplitude spectrum, Influence factor, and Dominant frequencies
The influence factor R, , (/) and corresponding amplitude spectrum S, (f) of the track

(rail) deflection w(§ =c,t, NC), for the passage of the train with N, carriages, can be expressed by
the means Eq. (16,18) as:
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S ()= |pr U] W<r>(l'f)| =S,y (DR, () (19)
The example of the solved influence factor R, , (/) and the amplitude spectrum S, (/) for the

geometrical configuration of IC carriages in Fig. 7 (L,=2.5, L=17.2, L~24.6), for N~6 and 10, and
the train speed ¢r=33.3 m/s, applying of Eq. (16, 19) is displayed in Example 1, Fig. 9a,b. The
dominant frequencies f,, of the vertical displacements w; , ,(x,?) are defined as the relative largest
values of the amplitude spectra S, (f) .

Example 1 — The example of the major and minor extremes in the amplitude spectra for the
IC train, Fig. 9a, b: a/ for S, (f, N, =6),b/ for S, (f,N, =10) . Solution is made for the IC

train ¢7=33.3 m/s, the subgrade stiffness Cs, k= 87 700 kN/m?, =1.3565 m’!, and the wheel force P,,
=66 kN, see Fig. 7.

plot "1 +c(—o.471239i)_f)(1 +c(—3.26726i)f) f 0to 60
(14 1162390 c50(2.32478 f) sin(13.9487 f))| ,—0to 30
a/ Result R, , (f,N, =6)=
Plot R (f,N, =6) Plot S, (f,N, =10)
30
0.00020
25¢
20F 0.00015
15
0.00010
10
0.00005 H
5
v
?) 10 20 30 40 50 60 0 ; -‘l 6 i; 1‘0
Axes: x=f{[Hz], y=R, , ,(f,N, =6) Axes: x= f [Hz], y= S, (f, N, =6) [m]
Dominant frequencies: V= 0.1; 1.4; 2.6; 4.0; 5.4; 8.1; 9.5 [Hz]
plot "1 +cl—o.471239nf)(1 +cl—3.26726l)f) f 01060
(14209230 5¢(2.32478 f) sin(23.2478 f))| — 010 50
b/ResultR, , (f,N, =10) =
Plot R, ,(f,N, =10) Plot S, (f,N, =10)
50
0.00020
40
0.00015
30
- 0.00010
10 0.00005 M NNN IN
1 1 W r&
0 10 20 30 40 50 60 0 2 4 6 8 10

Axes: x=f[Hz], y=R, , ,(f, N, =10) Axes: x= f [Hz], y= S, (f, N, =10) [m]

Fig. 9: The example of the major and minor extremes in the amplitude spectra for the train a/ for
Sy, (fsN, =6), b/ for S . (f,N, =10), for the IC train ¢7=33.3 m/s, the subgrade stiffness C, x=

87 700 kN/m?, f=1.3565 m’!, for P,, = 66 kN
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Among the main extremes in Fig. 9 is (N —1) points where the function has zero points and
between the main extremes is ( N, -2) side extremes. Increased number of cars amplifies the

amplitude of Ryn, () and the corresponding amplitude spectrum § . (/) of the track deflection.

The influence factor R , (/) has maxima at a regular spacing

1
Af =——=n-T
T, L
7

where T, ={T,,T,,T.} is the time for the passage of a axle T, , a bogie T, and a carriage T,, L; is a

(20)
)

distance between the jth wheel and a adjacent one, # is the positive  integer.
The influence factor R ,( /) has typical properties resulting from the sequence of wheel loads

which are separated by a time delay dependent on the axle distance and the train speed. The

frequency content of the first term S, , | (f) = |ﬂ/( o G )| in Fig. 8, differs quite from the second term
Ry ( f)in Fig. 9. While the spectrum S, #, (/) depends on the characteristics of the track, the
spectrum R, | (f) depends the geometrical configuration of carriages (L:=2,5, Ly=17,2, L~24.6),

and the train speed cr.

4 EXPERIMENTAL VERIFICATION

Results of the numerical prediction of the vertical track (rail) deflection are compared with in
situ measurements were made on the railway corridor in the line Bratislava — Zilina at the straight
section Cifer — Trnava, Fig.10.

Fig. 10: The measured track section in the location Cifer — Trnava
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4.1 Track deflection during the passage of IC train

1 )

The vertical displacements of the rail “w,(x,7) and the sleeper (S)W(T) (x,t) were measured

by the relative displacement transducers of the type Bosh, mounted on the fixed reference datum
(displacement transducers Dg, Ds) and the B&K piezoelectric accelerometers Ar, 4s, of the type BK
4500 were glued to the rail and the sleeper, see Fig. 11. In Fig. 12a is presented the measured time

r

history of the rail deflection )W(T) (x,¢) at the position x of the track, corresponding to the passage of
the IC train (L 350+8 carriages, speed ¢ = 31.7 m/s = 114 km/h). In Fig. 12b is the spectral analysis
Sw(T)(f’Nc = 6)

the theoretical prediction of the track deflection w

of this time record. This experimental result shows very good accordance between
theor

(x,¢)and the situ measurement results
()

exp
W (1)

N

SLEEPER
BALLAST
2~ STRUCTURAL
‘00
° SUPPORTING
W GEOTEXTILE
Z
SUBGRADE

Ap

|
] N )]
) di] 1
1 ]

Tr | AR | [As
@
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® Dg, Ds, : VERTICAL DISPLACEMENT TRANSDUCERS ( BOSH)
mm  Ag, As, Az : ACCELEROMETERS ( BK 4500; BK 3806)

B Tz : TENSIOMETERS ( KISTLER)

Fig. 11: Scheme of the measurement set-up and positioning transducers in the measured track section
Cifer — Trnava
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File TN I/ No. 2: LABVIEW, f= 1000 Hz, the non-filtered time records

WHo ul de Bd s Wi W
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ost+ | —H 1 |

\
a5~ 4!
0

Fig. 12a: Time history wy _¢ (x,) for IC train (L350+6 carriages), cr=31.7 m/s

File TN I/ No. 2: LABVIEW, f= 1000 Hz, the non-filtered time records.

0.5 [mm] —— TN O4_No.1, Ex.L350+6W, c=32,2 m/s, Swr(f)
0.4 f=10,03; 1,3; 2,6; 3,9; 5,3; 7,8 Hz ]
0.3
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Dominant frequencies: ™f;=0,1; 1,30 ; 2,6 ; 4,06; 5,3; 8,1; 9,2;...... Hz.

Fig. 12b: Spectral analysis Sur (s N =6) for IC train (L350+6 carriages)

5 CONCLUSIONS

The quasi-static excitation is the important source for the response of track components in the
low frequency area. The track (rail) response is associated with periodicity of wheel sets, bogies, and
carriages of passage trains. It is shown that due to the loading sequence of the wheel loads P,, the
frequency content exhibits characteristic dominant frequencies. The dominant frequencies f,, of the

vertical displacements w,,, (x,?) for a passage of the train are defined as the relative largest values of

the amplitude spectra S, (f), which are derived from the influence factor R, ,(f). The

dominant frequencies significantly contribute to total vibration of the track components in the low-

frequency range (0 Hz < <40 Hz).
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The numerical analyses are applied to provide a right picture on the track vibration and they
are compared with experimental results. The experimental dominant frequencies: ©f;;) = 0.1; 1.4;
2.6; 4.0; 5.4; 8.1; 9.5 [Hz] and the theoretical dominant frequencies: ™f;=0.1; 1.30 ; 2.6 ; 4.06;
5.3;8.1; 9.2; ..., Hz, for the tested rail deflection Wr(n,=6) (x,¢) for IC train (L350+6 carriages), the
train speed cr=31.7 m/s displayed the good accordance. The results confirm the strong attenuation of
the amplitudes of vibration due to passage of axle loads to ground vibration near railway tracks.

Results confirm the importance of low frequencies on the mechanical of track components -

the rails, sleepers, the ballast bed, and the embankment. In general, the track vibration is influenced
by the next dynamic loads, especially due to irregularities on the wheels and rails and the track
variations with sleeper-distance frequency.

Analogical approach can be applied to other response quantities of the response in the
frequency domain, for example for the vertical track velocity S| (f), the acceleration of the track
Sgm (f), or the wheel-rail interaction forces Sy ,(f)applied on the passage of trains with N.

carriages.
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IMPLEMETACE DATABAZE LOMOVE-MECHANICKYCH PARAMETRU VYBRANYCH
BETONU DO SOFTWARU FREET

DATABASE OF FRACTURE-MECHANICAL CONCRETE PARAMETERS AND ITS
IMPLEMENTATION INTO SOFTWARE FREET

Abstrakt

Prispévek pftiblizuje tvorbu databiaze lomové-mechanickych parametrii betond vybranych
pevnostnich tfid a jeji implementaci do pravdépodobnostniho softwaru FReET. Podklad databaze
predstavuji vysledky diive provedenych lomovych zkousek tramct se zatezem, na jejichz realizaci se
podilely §irsi tymy pracovnik Ustavu stavebni mechaniky a Ustavu stavebniho zkusebnictvi fakulty
stavebni VUT v Brn€. Implementovand databaze bude vyuzita pro potieby pravdépodobnostnich
vypocta betonovych konstrukei.

Klicova slova
Beton, databaze lomové-mechanickych parametrt.
Abstract

The paper presents the database of fracture-mechanical parameters of selected concrete
strength classes and its implementation into probabilistic software FReET. A basis for the database
were the results of earlier performed fracture tests of notched beams, which were realized in close
cooperation of research teams from Institute of Structural Mechanics and Institute of Testing, Faculty
of Civil Engineering, Brno University of Technology. The implemented database will be used for
the reliability calculations in mentioned software.

Keywords

Concrete, database of mechanical fracture parameters.

1 UVOD, EXPERIMENTALNI POZADI ZPRACOVAVANYCH DAT

Pfi analyze mechanické odezvy/poskozeni kvazikiehkych materidlti/konstrukei nelze zanedbat
lomovou procesni zoénu vznikajici pfed ¢elem trhliny, kterd zptsobuje charakteristické nelinearni
chovani. Pfi tom je klicova znalost lomové-mechanickych parametrii vysetfovaného materialu.
Stanovené lomoveé-mechanické parametry mohou slouzit pro kvantifikaci odolnosti proti
vzniku/Sifeni trhliny ¢&i  kiehkosti/houZzevnatosti kompozitu, dale jako srovnavaci parametr
studovanych cementovych kompozitti (resp. prvki/konstrukci po zavedeni dimenze zohlednujici
geometrické charakteristiky konstrukce) a zaroven jako soucast vstupnich dat do numerickych
modelt chovani prvki/konstrukci z kvazikiehkych materialti (zalozenych na metodé konecnych

I Lukas Novak, Ustav stavebni mechaniky, Fakulta stavebni, VUT v Brné, Veveti 331/95, 602 00 Brno, e-mail:
NovakL2@study.fce.vutbr.cz.
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prvkl s implementovanymi principy nelinearni lomové mechaniky), a to na deterministické ¢i
stochastické urovni. Stochasticky model umoziiuje provést spolehlivostni analyzu feseného
problému, coz predstavuje vyznamnou ulohu pravé v oblasti cementovych kompozitt, kdy
experimentalné ziskana data vykazuji velkou proménlivost.

Podporu nastinénému postupu ma piedstavovat databaze lomové-mechanickych parametrd
betond vybranych pevnostnich tfid, zpracovana a implementovana do prostfedi softwaru FReET [1].
Pfedstavovana databaze mohla byt zpracovana diky vysledkim rozsadhlého experimentalniho
programu, ktery byl realizovan na FAST VUT v Brné¢ ve spolupraci s IKI BOKU University Wien a
rakouskou firmou Franz Oberndorfer GmbH & Co KG. Pfipomenme, ze uspé$na realizace brnénské
Casti experiment? je vysledkem nasazeni mnoha kolegi — pracovnikii Ustavu stavebni mechaniky
(prof. Novék, doc. Kersner, Ing. Lehky, Ph.D, Ing. Routil, Ph.D., Ing. Frantik, Ph.D., Ing. gimonové,
Ph.D., Ing. Havlikovd, M. Friedl) a Ustavu stavebniho zku$ebnictvi (doc. Schmid,
Ing. Kucharczykova, Ph.D., Ing. Danék, Ph.D.). Detaily provedenych experimentti lze nalézt ve
vyzkumnych zpravach ¢i publikacich, napt. [2], [3], [4].

2 STRUKTURA DATABAZE

Udaje zahrnuté v databézi piedstavuji vysledky vyse nastinénych experimentii. Dodejme, Ze
zkuSebni konfiguraci predstavovaly tramce se zafezem (100100400 mm), resp. krychle
(100x100%100 mm) pro ureni tlakové pevnosti. Ze zdznami zavislosti zatizeni—posun uprostied
rozpéti tramce byly stanoveny hodnoty lomové-mechanickych parametru [2], [3], [4], [5]. Pro
stanoveni vybranych parametrd (modul pruznosti, pevnost v tahu, lomova energie) byly vyuzity
iidentifika¢ni metody [6] — v téchto pfipadech jsou uzivateli databaze nabidnuty vysledky
experimenti i identifikace.

Databaze je zpracovana hierarchicky ve tfech urovnich (Obr. 1):
e Urovei 1 — T¥ida betonu.
e Urovei 2 — Stafi betonu.

e Uroveii 3 — Jednotlivé parametry.

Ttida betonu — aktudlné jsou v databazi zpracovany dvé tfidy testovaného betonu, C40/50
a C50/60. Betony byly pfipraveny ve vyrobné firmy Franz Oberndorfer GmbH & Co KG a jsou
uréeny pro vyrobu piedpjatych nosnikt. Pfedpoklada se dal$i rozsifeni, vcetné napf. betoni
vyztuzenych ocelovymi vlakny [4].

Stari betonu — testovany a do databaze byly zahrnuty vzorky ve stafi 1 den, 7 dni, 28 dni a 126
dni. Pro uvedena stafi bylo testovano vzdy 7 vzorkd.

Jednotlivé parametry — modul pruznosti, pevnost v tlaku, pevnost v tahu (pouze identifikovana
hodnota), efektivni lomova houzevnatost, lomova energie.

Pro kazdy parametr je definovan vhodny model rozdéleni pravdépodobnosti a zakladni
statistické parametry, coz ptedstavuje podporu pii tvorbé pravdépodobnostnich modelii. Vybrany
nahled databaze v prostfedi FReET ukazuje Obr. 2.

Zminme jesté jeden aspekt — série zkuSebnich vzorki ve stafi 28 dni byly, kromé zékladniho
ulozeni v béznych podminkach, skladovany paralelné také v prostiedi s vyssi vlhkosti. I v tomto
ptipad¢ jsou vSechny ziskané vysledky zahrnuty do databaze a jsou k dispozici uzivatelim.

Uz v soucasné podobé predstavuje databaze jedinecny souhrn lomové-mechanickych
parametrti pro vybrané betony. Nyni obsahuje zdznamy pro celkem 72 parametrt (Obr. 2).

144



#level 1
C5e/60

#level 1
C4e/5@

#References

[1]

Database

#level 2 [1]
age of testing: 1 day

#level 3

Modulus of elasticity [GPa]
#Distri

RLGH

#Mean

26.616666666666667

#5td

1.3948715592005838

#level 2 [1]

#level 2 [1]

number of tested specimen: 7
For more details see:

NOVAK, D., KERSMER, Z., LEHKY, D., ROUTIL, L., KUCHARCZYKOVA, B., SCHMID, P.,

DANEK, P., FRANTTK, P., SIMONOVA, H. FRIEDL, M. FRACTURE TESTS OF COMCRETE SPECIMENS S
Research Report. Brno University of Technology, Faculty of Civil Engineering, Departmei
Building Testing. September 2014, 248 p.

ﬁoutil, L., Lehky, D., §imonové, H., Kucharczykovd, B., Kerdner, Z., MNovidk, T., Zimmer|

Obr. 1: Struktura databaze ASCII

number of tested specimen Fc : 14

Characteristics

age oftesting
age oftesting
age of testing
-age of testing
[=-C40/80

-age of testing
age of testing
age oftesting
[#-age of testing

1 day

7 days

28 days

126 days

.28 days _water curing

7 day

.20 days

C126 days

.28 days _water curing

numher oftested specimen: 7 number oftested specimen Fc: 14 ; . g
see: NOVAK D, KERSNER, 2. LEHKY. D ROUTIL, L, KUCHARCZYKOVA, B, SCHMID. P DANEK, P FRAMNTIK,
P. SIMONCWA, H. FRIEDL M. FRACTURE TESTS OF CONCRETE SPECIMENS SERIES | (C50/60) AND I
(C40450). Research Report. Brno University of Technology, Faculty of Civil Engineering, Department of Structural

Database @
Characteristics
[=-CR0/60 -
--age oftesting: 1 day B Distri = Gumbel Min. EV |
[-age of tasting: 7 days -
¢ Modulus of elasticity [GPa) 3 ilzEm = Bk
Modulus of elasticity [GPa] _identified Std = 0.703
Effective fracture toughness [ MPaum1/2] i
Fracture energy [N/m]
Fracture energy [N/m ] _identified
Bulk density [ kg/m3]
Compresive strength [ MPa] Apnl
lico ngth [ MPa] _ideniied - [ BE ]

For mare details =
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3 ZAVER

Prispévek predstavuje implementaci databaze lomové-mechanickych parametri betont
vybranych pevnostnich tfid do prostiedi softwaru FReET. Nastifiuje zvolenou strukturu databaze,
ktera je takto pfipravena na dalsi rozsifovani a dopliiovani. Uzivatelim pfinasi v piehledné podobé
moznost definovat potiebné lomové-mechanické parametry napf. pro potfeby numerickych simulaci
chovani studovanych kvazikiehkych kompoziti. Pro kazdy parametr je definovano vhodné rozdéleni
pravdépodobnosti a zakladni statistické parametry, coz ptedstavuje podporu pii tvorbé
pravdépodobnostnich modeli.

Databaze mohla byt zpracovana diky vysledkiim rozsahlého experimentalniho programu, ktery
byl realizovan na FAST VUT v Brn¢ (kolektivy STM a SZK) ve spolupraci s IKI BOKU University
Wien a rakouskou firmou Franz Oberndorfer GmbH & Co KG.
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PREVOD DIAGRAMU SIiLA - PRUHYB ZA TRiBODOVEHO OHYBU NA VZTAH NAPETI -
ROZEVRENI TRHLINY

TRANSFORMATION OF THE FORCE — DEFLECTION DIAGRAM UNDER A THREE-POINT-
BENDING INTO THE STRESS — CRACK OPENING RELATIONSHIP

Abstrakt

V pfispévku je popsan analyticky piechod z diagramu zavislosti prihybu vzorku z betonu
s pfimési polypropylenovych vlaken na velikosti zatéZzovaci sily na vztah mezi napétim a rozevienim
trhliny v tahu za ohybu. Transformace je zaloZena na kinematickém popisu chovani testovaného
vzorku. Napéti je aproximovano kombinaci exponencidlnich funkci doplnénou o ¢len vystihujici
prokluz vlaken pfemostujicich trhlinu.

Kli¢ova slova

Vlaknobeton, zkouska tfibodovy ohybem, kinematicky model, vztah napéti — rozevieni
trhliny.

Abstract

In this paper, an analytical form of the transformation from the force — deflection diagram
obtained under a three-point bending into the stress — crack opening relationship of concrete with
polypropylene fibers is outlined. The transformation is based on the description of the kinematic
behavior of the test sample. The stress is approximated by a combination of exponential functions
supplemented with a term capturing the slip of fibers bridging the crack.

Keywords

Fiber reinforced concrete, three-point bending test, kinematic model of structure, stress —
crack opening relationship.

1 UVOoD

Dusledna mikromechanicka analyza lomovych vlastnosti vyzaduje popis stavu napéti v okoli
kotene trhliny, jakoZ i vyvoje procesni zony. Této problematice je v Ceské republice vénovana fada
praci kolektivu vedeného prof. Z. Ker§nerem. Vynikajici predstavu o jejich pfistupu a ptinosech dava
habilita¢ni prace V. Veselého [1], kterd zahrnuje nékolik desitek odkazl. Ptedlozeny ptispévek nabizi
alternativu v ramci klasického inzenyrského piistupu. Navrzeny model je vhodny pro zjistovani drah
napéti vs. deformace u vzorki zatéZovanych ohybem za soucasného piisobeni velmi vysokych teplot
(pozar). Téch se dosahuje elektroohfevem pomoci odporové keramické decky. Vychazime
z kinematického popisu chovani konstrukce pfi poruseni. Inspiraci pro navrzeny postup byl ¢lanek

! Ing. Eva Novotn4, Ph.D., Katedra mechaniky, Fakulta stavebnt, CVUT v Praze, Thakurova 7, Praha 6, 166 29,
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[2]. Zjevné podobnymi ivahami prosli jiz diive autofi ptispévka [3], [4], [5], ale nepochybné i fada
dalSich badatelti. Stoji za zminku, Ze v citovanych pfispévcich autoii pracuji prevazné s bilinearnimi
diagramy zavislosti napéti na rozevfeni trhliny. Z Obr. 1 je patrné, Ze poruseni zkuSebniho vzorku se
zafezem odpovida modelu, kdy neporusené casti nosniku se po vzniku makrotrhliny v podstate
chovaji jako tuhé desky.

Obr. 1: Fotografie experimentu (zdroj [2])

Na nasledujicim Obr. 2 je znazornéno poskozeni predikované v [1] pocitatovou simulaci.
Je vidét, ze se odehrava v zoné lokalizované deformace nad zarezem.

Obr. 2: Poskozeni zkuSebniho vzorku (zdroj [2])

Tomuto problému byla vénovana tada praci, které se v ramci inzenyrského pfistupu do jisté
miry 1isi vychozimi pfedpoklady. Jako pfiklad pfipomenime [6], [7], [8]. Spolecnym rysem je splnéni
podminek rovnovahy sil pisobicich na prifez uprostted rozpéti nosniku. Zakladem feSeni je diagram
zavislosti sily F na prihybu v. Zkouska tfibodovym ohybem byla provedena na tramci o velikosti
150x150x700 mm se zafezem zdola uprostied rozpéti (hloubka zafezu 25 mm). Fotografie
z provedeného experimentu a schéma rozmérd zkusebniho vzorku jsou na Obr. 3. Zkusebni vzorek
byl vyroben z vlaknobetonu (obsah polypropylenovych vlaken byl 4,5 kg na m? betonu.) Receptura
betonové smési je uvedena v [9].

Zavislost pruhybu na velikosti zatézovaci sily je v grafu na Obr. 4. Dalsi podrobnosti
o experimentu a sloZeni betonové smési jsou uvedeny v [10 a 11].
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Obr. 3: Fotografie z experimentu a rozméry zkusebniho vzorku (zdroj [10])
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Obr. 4: Experimentalné uréena zavislost prihybu v na velikosti zatéZovaci sily F' (zdroj [10])

Prispévek je rozvrzen tak, ze v odst. 2 jsou nejprve popsany hlavni predpoklady modelu,
navazuje aproximace napéti (odst. 3) a popis identifikace modelovych parametrii. Vysledky jsou
shrnuty v odst. 4, na n&jz navazuje zavér (odst. 5).

2 PREDPOKLADY MODELU
Schéma modelu je na Obr. 5. Déle je zde nacrtnut predpokladany tvar funkce napéti po vysce

vvvvv

normalového napéti g, v ¢asti prufezu s trhlinami (viz odst. 3), § je rozevieni trhliny.

Zakladem je popis deformace vzorku, pii némz vyjdeme z Bernoulli-Navierovy hypotézy
0 zachovani rovinnosti prufezu pied a po deformaci.
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Obr. 5: Schéma deformovaného vzorku a predpokladany pribéh napéti po vysce prifezu

Uvazujme pas lokalizované deformace tloustky w, , jehoz stény se otaceji jako tuhé celky
kolem stedu otaceni O (Obr. 5, Obr. 6).

Obr. 6: Pretvofeni v zoné lokalizace a vznik makrotrhliny

Z geometrie pietvoreni (Obr. 6) snadno zjistime, ze za predpokladu malych deformaci

p=telt ()
zy E
odkud deformace v hloubce z od stiedu rotace O
ey = WEW) _JeZ g @)
W, E z,

Protoze vstupem feSeni je diagram zavislosti F — v, kde F je pusobici sila a v je pruhyb, je
tieba vyjadiit funkci € v zavislosti na v = v; + v,. Slozka v, pfedstavuje pruzny prihyb konzoly
délky L — % Nepruznou slozku v, ziskdme z Obr. 6 za predpokladu, ze ptilehlé konzoly jsou tuhé a
deformuje se jen vrstva s trhlinou. Potom

AN
F(L-%)

6E]

2 2 3
tpzvzzz v— I-

Konec¢né rozevieni trhliny v hloubce z bude
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§(z) = [S(Z)—%]WC+63,(Z) =Pz —w, (1+%>+8y(z), “

kde &, (z) je pfirtstek rozevieni trhliny vlivem prokluzu vlaken ptemostujicich trhlinu.

Lze se piesvédcit, ze v hloubce z = p, + ¢ + z; je 6(2) = 6§, (z) = 0. K tomu stac¢i uvazit, ze
Y- (po+c¢) =w,, Yzu = (f/E)w, a samoziejmé podminku

0y(po+c+2z5)=0. (5)

Zbyva vyjadrit priristek rozevieni trhliny vlivem prokluzu. Vyuzijeme linedrni aproximace
splitujici podminku (5). Spojenim vzorci (3) a (4) a tohoto predpokladu vyjde

(6)

3
OTN PG 18 AR PO L A O

kde k je zatim neznama konstanta. Pfi upravé jsme vyuzili iméry z Obr. 6, zniz plyne vztah
po + ¢ = zyE/f; . Poznamenejme, Ze z, se vylouci spojenim vztaht (1) a (3).

3 APROXIMACE NAPETI

Napéti se aproximuje po Castech dvéma funkcemi. V neporusené ¢asti se uvaZuje pruzné
chovani materidlu a funkce napéti ma tvar

z
o= ft ——F. (7)
Zo
V porusené ¢asti je o(§) aproximovano fadou exponencialnich funkci

a(6) =fi + Z a;(1 - exp(—B:(8))) + Aay, . ®)

Korigujici ¢len Ao, odpovidd poklesu napéti ve vldknech prokluzem. K tomuto ucelu
pouzijeme aproximaci z mikromechaniky navrzenou v [12] ve tvaru

1
6,\2 &
(am 2(5_3») —5—y pro0 <6, <6,
m m
Aoy, = )
2
2(6, — 6
O'm[l—%] pro 6, = 6,

(€))

kde o,, a d,, jsou na rozdil od ptivodniho modelu [12] nezndmé parametry. Pomérné pfetvoreni ve
vztahu (8) vyjadiime pomoci aproximace (6), kde @; a f5; jsou rovnéz neznamé parametry.

Pro vysledné napéti v prifezu musi byt normalova sila rovna nule, a tedy

J-adz =0. (10)

Z rovnice (10) lze ur¢it pro kazdou dvojici hodnot F a v hodnotu napéti |o,| v hornich
vlaknech prifezu (viz Obr. 5). Ohybovy moment plyne ze vztaht
FL

M= (11)
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FL

M_ p—
E_J-J(Z)Zdz_%' (12)

Pro vybranou hodnotu prithybu v, a ji odpovidajicimu momentu M, ziskaného pomoci
vztahu (11) zObr. 4 lze pak svyuzitim rovnic (8) az (12) urCit parametry «;,B;, K, Om, Om
z optimaliza¢ni podminky

> My = )% — min, (13)
2
kde A je pocet vybranych momenta.

4 VYSLEDKY

Na Obr. 7a je graf zavislosti prihybu testovaného vzorku na ohybovém momentu, kde
cerchovanou carou jsou vyznaCena data zexperimentu a plnou hodnoty predikce teoretickym
modelem. Obr. 7b zndzornuje ¢ast grafu v detailu.

way
o o

experiment

ochybovy moment [MNm]

4 aproximace "

0 L 1 L
0 05 1 15 2 25

prihyb v [m] %107

a)

16¢

o il
o = N R
T T

ohybovy moment [MNm]
[e=)
»

o o
%) -~
B

o

02 04 06 08 1
prithyb v [m] % 10"

b)
Obr. 7a a 7b: Grafy zavislosti prithybu na ohybovém momentu (Cerchovana ¢ara experiment, plna
¢ara je vystupem z aproximace)
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Hledany graf zavislosti nap€ti o, na rozevfeni trhliny § je na Obr. 8.

25 T T T T T

X

normalové napétic_ [MPa)

0 0.5 1 1.5 2 25 3 3.5
rozevieni trhliny & [m] x10°

Obr. 8 Graf zavislosti g, — §

Sitka lokaliza¢niho pasu byla odhadnuta v souladu s doporu¢enim [13] jako trojnasobek
pruméru nejvétsiho zrna kameniva, tj. w, = 50 mm. Tuto veliinu lze ovSem dale upiesnit v ramci
optimaliza¢ni podminky (13). Maximalni rozevieni trhliny predikované modelem odpovida
experimentalné zjisténé hodnoté 3,2 mm. Pfi zanedbani prokluzu vlakna a jeho protazeni by pak
pomeérné pretvoreni mohlo byt aproximovano pomérem 8 /w, , viz vzorec (6).

5 ZAVER

V piedlozeném pfispévku je nastinén jeden z moznych inzenyrskych pristupti k predikci
pracovniho diagramu vldknobetonu v tahu za ohybu z vysledkd zatézovaci zkousky tfibodovym
ohybem. Jiz z experimentu bylo patrné, Ze prvky z vlaknobetonu si uchovavaji rezidualni napéti i po
vzniku prvnich trhlin, kdy tah v prifezu pfebiraji zatim neporuSend vlakna. Postup vychazi
z kinematického popisu modelu. Prib&éh napéti je urCen optimalizaci s vyuzitim podminek
rovnovahy. V porusené ¢asti je prib&éh napéti aproximovan exponencialnimi funkcemi. Pokrocila
faze experimentu, kdy dochazi k prokluzu mikrovlaken pfemost'ujicich trhlinu, je v modelu vystiZzena
dopliiujicim ¢lenem, ktery je modifikaci vztahu zavislosti napéti na rozevieni trhliny navrzeného na
zaklad¢ mikromechanickych uvah profesorem Li. Parametry téchto funkci byly stanoveny simulaci
ve spojeni s metodou nejmenSich ctvercd. Urcitd diskrepance mezi experimentdlni zavislosti
ohybového momentu (resp. puisobici sily) na prithybu a jeho modelovou predikci jde zfejmé na vrub
malého poctu ¢lenti v Dirichletové fadé (zd&mérné zvoleny jen dva cleny). Dals$i moznosti zpfesnéni
predikce kromé& zvysSeného poctu clendt v aproximaci (8) a scitanct v (13), je zahrnuti Sitky
lokaliza¢niho pasu w, mezi optimalizacni parametry.

Navrzeny model nabizi mozZnost testovani vzorkt pfi velmi vysokych teplotach.
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BUCKLING AND POSTBUCKLING OF AN IMPERFECT PLATE SUBJECTED
TO THE SHEAR LOAD

Abstract

The stability analysis of an imperfect plate subjected to the shear load is presented. To solve
this problem, a specialized computer program based on FEM has been created. The nonlinear finite
element method equations are derived from the variational principle of minimum of total potential
energy. To obtain the nonlinear equilibrium paths, the Newton-Raphson iteration algorithm is used.
Corresponding levels of the total potential energy are defined. Special attention is paid to the
influence of imperfections on the post-critical buckling mode. Obtained results are compared with
those gained using ANSY'S system.

Keywords

Stability, buckling, postbuckling, geometric nonlinear theory, initial imperfection.

1 INTRODUCTION

Solving stability of the thin plate, it is often insufficient to determine the elastic critical load
from eigenvalue buckling analysis, i.e. the load, when perfect plate starts buckling. It is necessary to
include initial imperfections of real plate into the solution and determine limit load level more
accurately. The geometrically non-linear theory represents a basis for the reliable description of
the postbuckling behaviour of the imperfect plate. The result of the numerical solution represents
high number of load versus displacement paths.

2 THEORY

Restricting to the isotropic elastic material and to the constant distribution of the residual
stresses over the thickness, the total potential energy can be expressed as:

3
U= B(gm &0, ) tD(e,, — &0, )dA+ I%(k — k)" f—zb(k - ko)dA—IqudA 1)
A A A

where:

&,,k —are strains and curvatures of the neutral surface,

&om- ko — are initial strains and curvatures,

q.p — are displacements of the point of the neutral surface, related load vector.

The system of conditional equations [1] one can get from the condition of the minimum
of the increment of the total potential energy § AU = 0. This system can be written as:

K; Aa+F'nt_Fext_AFext=0 (2)

mc L.
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where:

K, —isthe incremental stiffness matrix of the plate,
F,,, —is the internal force of the plate,

F,., —is the external load of the plate,

AF,, —is the increment of the external load of the plate.

Eq. (2) represents the base for the Newton-Raphson iteration and the incremental method as
well. The Gauss numerical integration (5 points) was used to evaluate the stiffness matrices and the
load vectors.

3 FEM NONLINEAR ANALYSIS

The FEM computer program using a 48 DOF element [2] has been created for analysis. Used
FEM model [3] consists of 8x8 finite elements. Full Newton-Raphson procedure, in which the
stiffness matrix is updated at every equilibrium iteration, has been applied [4]. The fundamental path
of the solution starts from the zero load level and from the initial displacement. It means that the
nodal displacement parameters of the initial displacements and the small value of the load parameter
have been taken as the first approximation for the iterative process. To obtain other paths of the
solution, random combinations of the parameters as the first approximation have been used.
Interactive change of the pivot member during calculation is necessary for obtaining required number
of load — displacement paths. Quality of presented paths has not been investigated in this paper.

Obtained results were compared with results of the analysis using ANSYS system, where
32x32 elements model was created (Fig. 1b). Element type SHELLI143 (4 nodes,
6 DOF at each node) was used [5]. The arc-length method was chosen for analysis, the reference
arc-length radius is calculated from the load increment. Only fundamental path of nonlinear solution
has been presented. Shape of the plate in postbuckling has also been displayed.

4 ILLUSTRATIVE EXAMPLE

Mlustrative example of steel plate loaded in shear (Fig. 1) is presented. Results of eigenvalue
buckling analysis are presented first. These serve to prepare shapes of initial geometrical imperfection
[6], [7] as a linear combination of eigenvectors. Also offer an image about location of critical points
of nonlinear solution, help with settings in the management of nonlinear calculation process. Results
of fully nonlinear analysis follow.

a=b=260 mm
t=2 mm
E=210 GPa

e
IR
s AT i
IR RS T T
A

Fig. 1: a) Notation of the quantities of the plate loaded in shear, b) ANSYS FEM model
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4.1 Eigenvalue buckling analysis

Eigenvalue buckling analysis predicts the theoretical buckling strength of an ideal linear
elastic structure and is a problem of eigenvalues and eigenvectors [8]. Eigenvalues define the
buckling load multipliers and the corresponding eigenvectors buckling mode shapes of the structure.
Results for perfect plate [9] from Fig. 1 can be seen in the Table 1.

Tab. 1: Buckling loads p.: [N/mm] and modes of buckling

209.07 [N/mm] 258.86 554.57 598.53

685.41

4.2 Nonlinear analysis

The geometrically nonlinear theory represents a basis for the reliable description of the
postbuckling behaviour of the plate [10], [11]. The result of the numerical solution of steel plate
loaded in shear is presented as load — displacement paths. The initial displacements were assumed as
the out of plane displacements only [12] as a combination of buckling modes

dy= Y a;* MODE, 3)

Parameters «; are mentioned below. In order to better describe post-buckling shape
of the plate, nodal displacements wa, wc have been taken as the reference nodes (see Fig. 1).

These presented nonlinear solutions of the postbuckling behaviour of the plate are divided into
two parts. On the left side, there is load versus nodal displacement parameters relationship, on the
right side the relevant level of the total potential energy is drawn [13]. (Unloaded plate represents a
zero total potential energy level.)

Following Figures present two cases, in which the plate in a post-buckling mode buckles in
the shape that is identical to a shape of initial imperfection (but different from the first buckling mode
obtained from eigenvalue buckling analysis). The difference consists in a fact, that while in first case
the fundamental path represents the path with minimum value of the total potential energy for a given
load, in the second case there exists also a path with the total potential energy level lower than that of
the fundamental path [14].

Figure 2 presents a nonlinear analysis of the plate with initial imperfection whose shape was
formed from first three eigenmodes. According to (3), following parameters a were considered:
01=0.3 mm, 0,=0.2 mm, a3=0.1 mm. There are presented first three loading paths representing
various forms of changes between buckling shapes. Displacement wc has been plotted by a solid line,
wa by a dashed line. The Figure illustrates also shapes of the buckling area for particular paths and
selected load values. In the right part, respective values of total potential energy can be seen.
Fundamental path corresponds with the minimum value of total potential energy, thus there is no
presumption of a snap-through.

For comparison with an analysis of the same plate using ANSYS software system, the
fundamental path of solution is presented (see Figure 3). In the selected load levels, corresponding
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deformed shapes of the plate have been drawn along the paths. For greater clarity different scales
were chosen for different load levels.

Load [N/mm]

— fund. path
— path 2
— path 3

Wa Displacement [mm]

-8 -6 -4 -2 0 2 4 6 8 -150000 -100000 -50000 0

Energy [J]

Fig. 2: Results for a;=0.3 mm, a,=0.2 mm, a3=0.1 mm

700

p =500 N/mm
(scale 6x)

600

500

400

p =200 N/mm
(scale 30x)

300

LOAD P[N/MM]

200

WA
wC
wB

100

3 5
DISPLACEMENT W [MM ]

Fig. 3: Fundamental path for a;=0.3 mm, a,=0.2 mm, 03=0.1 mm from ANSY'S

In Figure 4 one can observe analysis of athin plate with initial imperfection of a shape
identical to a shape of the 2" eigenmode. Parameter o, of a value 0.1 mm has been considered.

Displacement wc has been plotted by a solid line, wa by a dashed one again. Shapes of the
buckling area are located next to the paths. On the right side of the Figure one can see, that the total
potential energy for the fundamental path (blue line) is higher than energy for path 2 (red line). This
path 2 represents buckling according to the 1% buckling mode, thus there is presumption of a snap-
through.

For comparison with an analysis of the same plate using ANSYS software system, the
fundamental path of solution is presented (see Figure 5). In the selected load levels, corresponding
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deformed shapes of the plate have been again drawn along the paths. For greater clarity different
scales were chosen for different load levels.

- 600

- 500

Load [N/mm]

4 400

- 300

- 200

100 - 100

path2
path3

\
\
\
\
fund. path !
}
{
|
!

Displacement [mm]

T
-6 -4 2 0 2 4

1 T
6 -1E5 -5E4 0

Fig. 4: Results for a,=0.1 mm

p =400 N/mm
(scale 12x)

p= 200 N/mm
(scale 70x)

-4 -2 2 4

0
DISPLACEMENT W [MM ]

Fig. 5: Fundamental path for a,=0.1 mm from ANSYS

5 CONCLUSIONS

The influence of the value of the amplitude and the mode of the initial geometrical
imperfections on the postbuckling behaviour of the thin plate subjected to the shear load was
presented. Finite elements created for special purposes of thin plates stability analysis, enable high
accuracy and speed convergence of the solution at less density of meshing. The possibility on an

interactive affecting of the calculation within the user code makes it possible to investigate all
load — displacement paths of the problem.

As the important result one can note, that the level of the total potential energy of the
fundamental stable path can be higher than the total potential energy of the secondary stable path.
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This is the assumption for the change in the buckling mode of the plate. The evaluation of the level of
the total potential energy for all paths of the non-linear solution is a small contribution to the
investigation of the post buckling behaviour of thin plates.
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EFFECTS OF SPECIMEN SIZE AND CRACK DEPTH RATIO ON CALIBRATION CURVES
FOR MODIFIED COMPACT TENSION SPECIMENS

Abstract

The compact tension (CT) test is frequently used to determine fracture properties of metallic
materials, such as fracture energy, fracture toughness, crack propagation rate and J-R curves. In the
case of cement based composites, a modified compact tension (MCT) specimen can be
advantageously used due to the negligible stress concentration arising around the pulling dowel pins
during the test. In this work, finite element calculations are used to determine the calibrations curves
for the stress intensity factor K, COD, CMOD and CMOD(4), needed for an accurate determination
of the fracture parameters, as a function of the ratio a/W. Nominal diameters are selected according
to the used core bits between 50 mm and 300 mm.

Keywords

Modified compact tension test, fracture, concrete, core drill, stress intensity factor, compliance
expressions, finite element simulation.

1 INTRODUCTION

Many concrete structures are subjected to repeated loadings during their service life, whereby
prediction of potential fatigue crack path is crucial for safety evaluation and structural design of
relevant components or structures, e.g. bridges, seashore structures, runways, etc. Because of the
complex stress distribution on the structure surface, prediction of where surface crack path starts is
always a challenge for engineers and research scientists due to their negative effect on durability of
concrete when combined with e.g. corrosion of steel bars under chloride penetration and carbonation
through these cracks, etc. Furthermore, inspection of crack propagation on surfaces with maximum
stress is also significant for predicting the residual fatigue life of concrete structure and for
establishing repair schedules of the reinforcement.
For determining the fracture parameters of quasi-brittle materials like concrete, three point bending
(3PB), four point bending (4PB) or wedge splitting tests (WST) are used for which the K-calibration
and compliance curves are typically determined, see [14],[11].

Among the test configurations mentioned, the 3PB or 4PB specimens are not appropriate for

determining the fatigue properties of real constructions, due to the large mass of material required in
the specimen preparation, while in the WST test the grips causes troubles under fatigue load, etc.
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As an alternative, the modified compact tension (MCT) test can be recommended for fatigue
testing (e.g. to check the residual life) of specimens from concrete constructions due to the round
shape of the extracted drilling core samples [11]. Modified compact tension specimens, though with
rectangular shape and glued steel plates at the sides, were already used by other authors for studying
the influence of the load [15], dynamic fracture of CT specimen [12] or checking the cohesive law

(8].

Clip

cCoD

S

CMOD(4)

Fig. 1 Detail referred to the measured points of MCT specimen as defined as the COD, CMOD and
CMOD(4) positions

Due to the above reported lack in research, a parametrical study of MCT specimens within the
framework of linear elastic fracture mechanics (LEFM) is carried out in this work. Note, that though
LEFM is not strictly suitable for material like concrete, the fracture toughness and Young’s modulus
are supposed to be acceptable when taken from the pre-peak branch or during high cycle fatigue
loading account given of the small process zone resulting from the stress field at the crack front. The
fracture parameters describing the concrete behavior are introduced as stress intensity factor (K) and
Crack Opening Displacement (COD), Crack Mouth Opening Displacement (CMOD) and Crack
Mouth Opening Displacement, the latter at a distance of 4 mm (due to clip gauge) outside the
specimen forefront (CMOD(4)), see Fig. 1. The K-calibration and compliance curves for modified
compact tension specimen are prepared for different specimen diameters, which are assumed to
correspond with the drilling core [6]. The values of K-calibration and compliance curves are
compared and the values of the coefficients are given in tables.

2 THEORETICAL BACKGROUND

The output obtained from the fracture test of concrete is the recorded Load —Displacement
diagram, from which the fracture parameters as £~ Young’s modulus, Kjc— fracture toughness, Gr —
fracture energy etc. can be determined. On its turn, the fatigue tests provide the COD-N (crack
opening displacement versus number of cycles) diagram for constant force, from which the Paris-
Erdogan law parameters (m, C) can be obtained. [3]

The reference dimensions of MCT specimens are D — diameter, W — width (according the
ASTM W=D/1.35), a — crack length and B — thickness, all in mm, see in Fig. 2.

The diameter values were selected in order to cover all possible core drilling sizes in the
practice, e.g. 50 mm corresponding to 2 inch [2], 100 mm as the standardized Brazilian cylinder size
[91,[1], 150 mm as the typical standard specimen size for compressive test [13],[1], and further, 200
mm, 250 mm and 300 mm, see [6].

In the present numerical study, o (relative crack length) is defined as the ratio of the effective
crack length, i.e. the distance between the alignment of the applied force and the crack tip, and the
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effective specimen width, i.e. the distance between the alignment of the applied force to the end of
the specimen:

a=a/W. (1)
where:
a — is the crack length [mm] and
W — is the width [mm)].
P
-+ <8
~—
0.5D
/ B-thickness
o
0.5D
S
P
w

Fig. 2 Sketch of the modified compact tension test (MCT)

According to the fracture mechanics approach [3], the stress field around the crack tip of a
two-dimensional crack embedded in an isotropic linear elastic body subjected to normal mode I
loading conditions is given by the following expressions [3,16]:

Oy = \/Iz%r cos[ij{l - Sin(i) sin(i‘gﬂ,
o= (2 cnf2)an 2] .

T = K, cos[gjsin[gjcos(wj
v\ 2 2 2 )

where:

r  — isthe radial coordinate of the polar system in crack tip [mm],

6 — 1isthe angular coordinate of the polar system in crack tip [rad],

X,y are the coordinate of Cartesian coordinate system in crack tip [mm],
K1 — is the stress intensity factor [MPa m'’?],

Oxx, Oyy, Txy— are the stresses for the given axis directions [MPa].
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The value of the stress intensity factor for the MCT geometry in linear fracture mechanics is
derived from the following formula:

P

K, —WBl(a), ©)
where
Bi(a) - is the dimensionless K — calibration function [-] according to [10],
a - is the relative crack length [-],
B - is the thickness of the specimen [mm],
w is the width [mm)],
P - is the external load [N].

For the COD values is it so important the knowledge about the thickness of the specimen, in the study
cases the calculation was done for plane strain condition, because the used thickness for pilot
experiment was 60 mm [7] . The values of COD (crack opening displacement), CMOD (crack mouth
opening displacement) and CMOD(4) (crack mouth opening displacement at 4 mm outside the
specimen for front) as a function relative crack length o are introduced in the following:

u,= u},of(a / W) “4)
where

fla/W) —is a dimensionless function depending on the measured point as defined, respectively, by
COD, CMOD or CMOD(4), and u 0 is given by the expression:

u, = B/(@)K,(1+vNa i (5)
: 2EB27
where
Bi(a) - is the dimensionless geometrical function [-] according to [10],
a - is the relative crack length [-],
B - is the thickness of the specimen [mm],
w - is the width [mm)],
Ko - is the normalized value of stress intensity factor [MPa],
E - is the Young‘s modulus [MPa],
v - is the Poisson number [-].

3 NUMERICAL SIMULATION

The finite element (FE) software ANSYS [4] is used for numerical calculation of the fracture
parameters. Three examples of the specimens handled are shown in Fig. 3, the models of which are
arranged from element PLANES?2, the smallest one at the crack tip being 0.25 mm. Only one half of
the MCT specimen needs to be considered because of the symmetry. At the crack tip, these elements
degenerate to triangles with mid-side nodes of element edges pointing to the crack tip and shifted to a

one fourth of the position along the element edge in order to introduce the proper 1/ \/7 stress
singularity, see command KCALC [4]. The material input data for concrete and steel used in the
numerical simulation are the following: Young’s modulus E. = 44 GPa, E; =210 GPa and Poisson’s
ratio v. = 0.2, 1, = 0.3, respectively. For the numerical solution, a load P = 100 N is applied. Fig. 4
shows two examples of the MCT finite element models with the corresponding boundary conditions.
The stress intensity factor K; values are computed in two different ways, namely, using the
stress difference method [18] and the KCALC command [4]. The calculations provided by ANSYS
are controlled by means of the results provided by [16][11][14] and [5] (the finite element model was
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prepared in the CT configuration, the results were check to obtain less than 1% difference, that the
used model was remodeled to MCT geometry), e.g. with the stress intensity factor for the compact
tension specimen calculated as follows:

K= L@;Og?z(om +4.640 ~1332a +14.722° - 5.6a* ): ©)
BIW (1-a)
where
P — s the external load [N],

and ¢, B and W have the same meaning as before.

Fig. 3 Sketches of the MCT specimens for the same steel bars and different concrete sample
dimension

Fig. 4 Examples of the half MCT specimen as finite element model used for determination of the
stress intensity factor: a) D =300, a/W=0.4 and b) D=100, a/W = 0.1 together with boundary
conditions
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3 RESULTS AND DISCUSSION

Six different MCT specimen configurations are investigated. The numerically calculated
values of the normalized stress intensity factor (i.e. Bi(a)) for the MCT specimens are summarized in
Table 1 and plotted in Fig. 5. The compliance expressions related to the specific measurement
location (COD, CMOD and CMOD(4)) for the MCT are presented in Tables 2-4 and shown in Fig. 5.

Stress intensity factor (SIF)

The SIF is calculated by Eq. (3), where Bi(«) are the dimensionless K-calibration functions
shown in Fig. 5. The symbols are the results obtained from the finite element analysis whereas the
full curves are the fitted values. The SOLVERO software routine, available as an additional plug-in
in Microsoft Excel, is utilized to perform the regression analysis of the FEA data. This routine
searches the set of values of the fitting factor constants or parameters by minimizing the sum of
squares of residuals, i.e., the differences between the actual and the corresponding prediction values.
The prediction seems to agree well with the analytical data. The following equation represents the
normalized stress-intensity factor Bi(a/W) for MCT specimen in the range 0.3< a/W <0.7 with an
accuracy higher than 99.95%.

B,(cr) = —68.404 + 804.41c — 3489.7a” + 754750 —8034.5a* +3441.50° . (7)

Table 1 shows the comparison among the dimensionless K-calibration curves Bi(a/W), for six
different values of the specimen diameter. The results are similar in the interval a/We(0.3; 0.7), the
main difference arising for short cracks in which the boundary effect plays an important role.

25.00 +
23.00 4

—e_D=50 y =3441.5x - 8034.5x* + 7547.5X - 3489.7)C + 804.41x - 68.404

21.00 4
19.00 -
17.00 -
15.00 -

B[]

13.00 -
11.00 -
9.00 4
7.00 A

5.00 T T T T
0.3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.7

alW[-]

Fig. 5 Dimensional geometry function Bi(a/W), for different relative crack lengths for six different
D =50, 100, 150, 200, 250, 300 mm
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Table 1: Comparison of dimensionless K-calibration function Bi(a/W) for selected relative crack

lengths for all studied MCT configurations.

a/W; D 50 100 150 200 250 300
0.1 4.020 3.885 3.828 3.793 3.766
0.2 4.697 4.675 4.662 4.653 4.645
0.3 5.909 5.885 5.879 5.874 5.872 5.869
0.4 7.600 7.593 7.591 7.589 7.588 7.587
0.5 10.195 10.193 10.192 10.191 10.191 10.191
0.6 14.537 14.536 14.536 14.537 14.536 14.536
0.7 22.834 22.834 22.835 22.835 22.835 22.835
0.8 42.792 42.800 42.800 42.800 42.801 42.801
0.85 66.518 66.553 66.555 66.556 66.557 66.556
0.9 123.298 123.471 123.434 123.481 123.487 123.488

Compliance function

The displacements at the crack open displacement, crack mouth open displacement and crack
mouth open displacement in 4 mm from the relevant location (see Fig. 2) are introduced in this
paragraph. Examples of compliance function for COD are shown in Fig. 6. The symbols are the
results obtained from finite element analysis and full lines are the fitted values.

40.00 ~
——D=50
35.00 -
—o—D=100
30.00 -
-~ ——D=150
a 25.00 -
(o]
(&) ——D=200
S 20.00 4
L
§ ——D=250
S 15.00 +
e
= —o—D=300
10.00 4
5.00 4 (=
0.00 . . . . . . . . . )
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
aWw []

Fig. 6 Comparison among compliance functions (COD/2(a/W)) for different relative crack lengths for
six different diameters D = 50, 100, 150, 200, 250, 300 mm from finite element data
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The displacement is given by eq. (4), whereas fla/W) is a polynomial function of (Ci), the
functional form of which is given by:

a a 2 a ’ a ! a °
= h— — b 7
fla/w) co+cl( J Cz( )+c3(—J +c4(—) +c5( ) (7
where

Co, Ci1, Gy, Cs, Cs, Cs are constants obtained through numerical analysis for COD, CMOD, CMOD(4)
as reported in Table 2, 3 and 4, respectively.

The equations are valid along the range 0.2<a/W<0.85 and have an accuracy higher than 98%.
The obtain curve can be used for experimental campaign for estimation average crack length in each

point of load—displacement diagram.

Table 2: Coefficients of dimensionless compliance function from eq. (7) for COD calculation.

D [mm] Co Ci 2 G Cy Cs

50 0.7968 68.639 -326.66 841.37 -1001.5 458.38
100 1.5903 63.639 -303.96 786.85 -941.73 434.4
150 3.0268 50.496 -254.7 696.99 -862.94 407.83
200 3.6088 45.039 -233.6 656.98 -826.25 394.84
250 3.9016 42.334 -223.54 638.76 -810.27 389.41
300 4.0830 40.605 -217.07 627.04 -800.04 385.96

Table 3: Coefficients of dimensionless function from eq. (7) for CMOD calculation

D [mm] Co G (&) G Cs Cs

50 -40.1740 519.60 -2025.60 3936.50 -3734.30 1402.30
100 6.4444 75.546 -387.98 1028.90 -1245.40 577.83
150 9.1181 50.708 -294.18 856.84 -1093.80 526.43
200 10.3450 39.331 -250.67 775.29 -1019.90 500.57
250 11.0930 32.593 -225.81 730.36 -980.56 487.25
300 11.6500 27.563 -207.28 696.95 -951.42 477.42

Table 4: Coefficients of dimensionless function from eq. (7) for CMOD(4) calculation.

D [mm] Co Ci (&) G Cy Cs

50 -42.538 559.490 | -2183.90 42449 -4027.3 1512.40
100 7.1252 77.966 -403.03 1069.9 -1295.4 601.02
150 9.6851 51.248 -300.11 876.63 -1120.4 539.60
200 10.811 39.358 -253.68 787.46 -1037.5 509.61
250 11.488 32.420 -227.51 738.8 -993.49 494.10
300 11.994 27.289 -208.22 703.13 -961.45 482.88
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6 CONCLUSIONS

This study is prepared to support the experimental campaign that was done on concrete
specimens with steel bars for load application. The CT compliance function could not be used due to
material interface (steel — concrete) and due to different distance of load application.

The influence of specimen size and crack depth ratio on the calibration curves for modified
compact tension specimen is analyzed using linear elastic fracture analysis. The specimen geometry
allows the user to obtain efficiently crack growth data under a displacement controlled test. Finite
element analysis is used to obtain the stress-intensity factors and displacements over a wide range of
crack/length to width ratios (a/W).

Expressions for estimating values of the stress intensity factor, and crack length from

measurement of crack opening displacement, crack mouth opening displacement and crack mouth
opening displacement in 4 mm (compliance) are provided for the MCT specimen geometry.

ACKNOWLEDGMENT

This paper has been worked out under the “National Sustainability Programme I” project
“AdMaS UP — Advanced Materials, Structures and Technologies” (No. LO1408) supported by the
Ministry of Education, Youth and Sports of the Czech Republic. The authors acknowledge financial
support of the project No. FAST-S-15-2774 (BUT), project No. 15-07210S (Czech Science
Foundation), BIA2013-48352-P (Ministry of Economy and Competitiveness of Spain) and SV-PA-
11-012 (Asturian Regional Goverment).

REFERENCES

[11 AHMED, M.U, RAHMAN, A., ISLAM, M.R., TAREFDER, R.A. Combined effect of
asphalt concrete cross-anisotropy and temperature variation on pavement stress-strain under
dynamic loading, Construction and Building Materials. 2015, Volume 93, pp. 685-694.

[2] ALDAZABAL, J., MARTIN-MEIZOSO, A., MARTINEZ-ESNAOLA, J.M., Experimental
measurement of Mode I & II critical stress intensity factor of stones. Anales de mecanica de la
fractura 2015, Volume 32, pp. 154159, ISSN: 0213-3725.

[3] ANDERSON, T.L. Fracture mechanics fundamentals and applications 1991, CRC Press
ISBN: 978-0849316562.

[4] ANSYS: Piirucka ANSYS Workbench 2012, Ceské technika — nakladatelstvi CVUT, ISBN:
978-80-01-05175-7.

[5] ASTM, E647-13a, Standard Test Method for Measurement of Fatigue Crack Growth Rates,
ASTM International, West Conshohocken, PA, 2013, www.astm.org.

[6] CIFUENTES, H., LOZANO, M., HOLUSOVA, T., MEDINA, F., SEITL, S., CANTELIL, F.,
Applicability of a modified compact pension specimen for measuring the fracture energy of
concrete, Anales de Mecanica de la Fractura, Vol. 32 (2015) pp. 208-213.

[71  European Standard EN 12390-1:2012 — Testing hardened concrete — Part 1: Shape,
dimensions and other requirements for specimens and moulds 2012.

[8] FERNANDEZ-CANTELI A., CASTANON, L., GARCIA-NIETO, B., HOLUSOVA, T.,
SEITL, S. Determining fracture energy parameters of concrete from the modified compact
pension test, Frattura ed Integrita Strutturale, (2014), Volume 30, pp. 383-393; DOI:
10.3221/I1GF-ESIS.30.46.

[97 KOURKOULIS, S.K., MARKIDES, CH. F., CHATZISTERGOS, P.E., The standardized
Brazilian disc test as a contact problem, International Journal of Rock Mechanics & Mining
Science. 2013, Volume 57, pp. 132—141, DOI: http://dx.doi.org/10.1016/j.ijrmms.2012.07.016

169



[10]

[11]
[12]

[13]

[14]

[15]

[16]
[17]

[18]

LEEVERS, P. S., RADON, J. C. Inherent stress biaxiality in various fracture specimen
geometries. International Journal of Fracture, 1982, pp. 311-325.

MURAKAMI, Y. Stress intensity factors hand book. Pergamon Press, 1987.

OZBOLT, 1., BO§NJAK, J., SOLA, E., Dynamic fracture of concrete compact tension
specimen: Experimental and numerical study, International Journal of Solids and Structures,
2013, Volume 50, pp. 42704278

RILEM Recommendations for the Testing and Use of Constructions Materials, CPC 4
Compression test on concrete, 1975.

TADA, H., PARIS, P.C. and IRWIN, G.R. The stress analysis of crack handbook, The
American Society of Mechanical Engineers Three Park Avenue, New York, NY 10016, ISBN:
1-86058-304-0.

VESELY, V., SOBEK, J. Numerical study of failure of cementitious composite specimen in
modified compact tension fracture test, Sbornik veédeckych praci Vysoké Skoly barske-
Technické univerzity Ostrava, 2013, Volume 13(2), pp. 209-2016.

VISZLAY, V. Numerical support for analysis of the fatigue behavior of cement based
composites, Bachelor thesis BUT Brno 2015, p. 28-33 (in Slovak).

WILLIAMS, M.L. On the stress distribution at the base of stationary crack, ASME Journal of
Applied Mechanics 1957, 24, 109—114. ISSN: 0021-8936.

YANG B., RAVI-CHANDAR K. Evaluation of elastic T-stress by the stress difference
method. Engineering Fracture Mechanics, 1999, Volume 64, pp. 589—605.

Reviewers:

MSc. Pablo Lopéz Crespo, Ph.D., Department of Civil and Materials Engineering, University
de Malaga, Spain.

Ing. Ales Materna, Ph.D., Department of Materials, Faculty of Nuclear Sciences and Physical
Engineering, Czech Technical University in Prague, Czech Republic.

170



Sbornik védeckych praci Vysoké §koly bainiské - Technické univerzity Ostrava
fada stavebni, ro¢nik 15, ¢islo 2, rok 2015
¢lanek ¢. 21

Pavel SEDA!, Ladislav ROUTIL?
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NONLINEAR ANALYSIS OF THE BRIDGE NR. 2-2043-15, E4 KRISTINEBERG,
STOCKHOLM

Abstrakt

Prispévek predstavuje vystavbu a nelinearni analyzu mechanické odezvy mostu ¢. 2-2043-15
E4 Kristineberg ve Stockholmu. Simulované vysledky jsou srovnany s hodnotami naméfenymi pfi
zatézovaci zkouSce a jsou identifikovana mista se zvySenym rizikem poskozeni, vyzadujici
monitorovani béhem uzivani stavby.

Kli¢ova slova
Zelezobetonovy silni¢ni most, nelinearni analyza, zatézovaci zkouska.
Abstract

The paper is focused on the construction and nonlinear analysis of the bridge 2-2043-15 E4
Kristineberg in Stockholm. Simulated results are compared with load tests. Locations with higher risk
of damage are pointed out — these places should monitored during the life cycle of the bridge.

Keywords

Reinforced concrete bridge, nonlinear analysis, loading test.

1 UVOD

Mimotroviiova kfizovatka na Svédské dalnici E4, exit 161, s mistnim nazvem Trafikplats
Kristineberg, je hlavnim dopravnim uzlem pro ostrov Kungsholmen ve mést¢ Stockholm. Dalnice E4
je hlavni spojnici mezi severem a jihem Svédska, zarovei je také spolu s E20 souéasti pritahu
méstem s nazvem Essingeleden, pficemZ spojuje ostrovy Kungsholmen, Lilla Essingen a Stora
Essingen. Méstem vede po mnoha estakdddch, mostech a skoro z poloviny v tunelech. Dokaze
pojmout vice nez 180 000 vozidel denn€ a udrzet rusnou dopravu dostate¢né izolovanou od husté
obydlenych Casti mésta. S nartstajici dopravou jiz tato spojnice nevyhovuje a vystavba nového
obchvatu mésta je nevyhnutelna.

Plivodni mimouroviova kfizovatka s pruletovymi Useky, vystavéna v 50. letech minulého
stoleti, zabirala svymi velkymi oblouky zna¢nou Cast pfilehlych pozemkt — jde vétSinou o mozné
stavebni pozemky, o které je na ostrové velky zdjem. Trafikplats Kristineberg je situovana témeér
uprostfed ostrova Kungsholmen — nové vyprojektovana kiizovatka o tfech patrech s polokruzni
kiizovatkou uprosted je vitanym feSenim. Ptipojovaci a odbocovaci rampy jsou navrzené tak, aby
vedly tésné podél dalnicniho télesa za ucelem co nejmensiho zaboru a pripletové useky jsou
naprojektovany v prostoru pod dalni¢nim mostem spolecné s prostorem pfilehlé kiizovatky. Soucasti

! Ing. Pavel Seda, Habau Sverige AB, Lindhagensgatan 103, 112 51 Stockholm, Sweden, pavel.seda@habau.cz.

2 Ing. Ladislav Routil, Ph.D., VUT v Brné&, Fakulta stavebni, Ustav stavebni mechaniky, Veveti 331/95, 602 00
Brno, routil.l@fce.vutbr.cz.
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rekonstrukce je vystavba 5-ti mostnich objektd, 150 bm opérnych stén a 250 bm monolitického
koryta, ve kterém vede jedna z odbocovacich vétvi tzv. Trag. Predpokladané naklady na vystavbu
jsou 188 milionu §védskych korun (1SEK = 3CZK).

Prvni autor tohoto pfispévku se aktivné podilel na vystavbé jako technik pro realizaci
monolitickych Zelezobetonovych konstrukei, pfi¢emz jednu z hlavnich naplni jeho prace
predstavovala vystavba mostniho objektu ¢. 2-2043-15.

2 KONSTRUKCE A VYSTAVBA MOSTU

Mostni objekt je tvofen zelezobetonovou ramovou konstrukci o 2 polich. Celkova délka
pfemosténi v ose komunikace je 26,0 m a volna Sitka na mosté je minimalné 7,0 m. Mostovka je
v podélném i pficném sklonu 2,5 %. Spodni stavbu tvoii dvé krajni opéry a jeden mezilehly pilif.
Obé¢ opéry sviraji s osou komunikace rizné tihly a li§i se vyznamné od sebe co do velikosti i tvaru.
Jizni opéra je 3,5 m vysoka profilovana tenka sténa se zakladovym pasem zhotovenym na skalnim
podkladu, zatimco severni opéra je 0,9 m Sirokd, 5,0 vysoka a 15,0 m dlouhd masivni sténa, ktera
svird uhel s mostovkou 152°. Severni opéra je zalozena na velké zékladové desce, kterd tvoii patu
opéry a zaroven slouzi jako ¢ast silnicni komunikace vedouci pod mostem. Deska neni pfimo ulozena
na skalnim podlozi, ale z diivodt jeji hloubky pod okolnim terénem je posazena na drendzni vrstvé
Stérku, ktera odvadi veskerou vodu do pfecerpavaci stanice a to z divodu ptiznivého vodniho rezimu,
jenz ma podstatny vliv na funkénost a trvanlivost spodni stavby. Pilif o priméru 1,2 m je zalozen ve
stejné trovni jako severni opéra a je umistén excentricky mimo osu mostu v 1/3 délky rozpéti.
Mostovku tvoii 0,7 m vysoka deska o Sifce 7,0 m na zacatku a 12,0 m na konci mostu. Mostovka
i jeji fimsy se betonovaly soucasné, coz jednak urychlilo postup vystavby a zaroven uspokojilo
pozadavky investora, které jsou ve skandinavskych zemich pomérné vysoké.

Detaily projektu lze nalézt v [1], zkuSenosti z vystavby vcetné rozboru vybranych aspekti
(napf. chlazeni betonu v pribéhu hydratace v¢. problému pii provadéni tenké stény, moznosti bednéni
hlavni nosné konstrukce aj.) ptiblizuje [2].

Predstavu o konstrukei si Ize udé€lat i na zaklad¢ Obr. 1,2,3,6a7.

Obr. 1: Betonaz mostovky
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Obr. 2: Dokonceny most €. 2-2043-15

2.1 ZatéZovaci zkouska
Hotova konstrukce byla podrobena zatézovaci zkousce s nasledujicim programem:
e nezatizeny most — nulové méfent;
e 1. zatézovaci stav — dv€ nakladni vozidla (1 1 a 1 2 — viz Obr. 3 a 4) za sebou pfi
vychodnim okraji desky mostu mezi opérou 3 a pilitem;
e 2. zatéZovaci stav — Ctyfi ndkladni vozidla (1 1,1 2,2 1 a2 2 —viz Obr. 3 a 5) po dvou
za sebou stojicich mezi opérou 3 a pilifem.

Jako zatizeni byla vyuzita 4 nakladni vozidla kazdé s hmotnosti od 24-29 tun (Obr. 3).
Hmotnost kazdého vozidla byla ovéfena vazenim pied zahajenim zatézovaci zkousky.

Pii zatézovaci zkouSce se meéfily svislé posuny na pfedem nainstalovanych pevnych
meéfic¢skych bodech (Obr. 9, Tab. 2). Téchto celkem 68 bodl bylo rozmisténo v rastru po celé spodni
¢asti mostovky a v misté nejvétsich predpokladanych posuni byl rastr zhustén za ucelem zptesnéni
vysledkd v téchto kritickych mistech. Méfeni se provadélo digitalnim nivelacnim pfistrojem Leica
DNAO3 spolecné s nivelacni lati GPCL2 Professional. Nejedna o standardni normovou zatézovaci
zkousku.

2 1=2575tn | | |

Lot 5 Q_gp K

Obr. 3: Schéma rozmisténi zatéZovacich vozidel a jejich nominalni hmotnosti
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Obr. 4: Zatézovaci zkouska — 1. zatézovaci stav — dvé nakladni vozidla

Obr. 5: Zatézovaci zkouska — 2. zatézovaci stav — ¢tyfi nakladni vozidla

3 MODEL KONSTRUKCE

Geometrie modelu byla idealizovana v programu ATENA 3D [3], [4] pomoci 37 makroprvki
(Obr. 6). Pro beton je pouzit materidlovy model CC3DNonLinCementitious [3]. Hodnoty parametrt
materidlového modelu jsou odvozeny z krychelnych pevnosti ziskanych z vysledkd laboratornich
zkouSek provadénych na zkusebnich télesech vyrobenych pfi betonazich jednotlivych casti
konstrukce [Tab. 1]. Jednotlivé pruty vyztuze jsou umistény dle vykresu vyztuze. Veskera nosna
vyztuz odpovida realit€, rozdélovaci vyztuz je zanedbana. Smykova vyztuz je modelovana pomoci
rozetiené vyztuze. Celkem je v modelu 1635 prutd o priméru 16-32 mm (Obr. 7). Pouzita betonaiska
ocel pro vyztuz konstrukce je tfidy BSOOB. Na zaklad¢ certifikatu jakosti od vyrobce byly definovany
hodnoty materialového modelu CCReinforcement (bilinedrni pracovni diagram oceli se skute¢nou
mezi kluzu, mezi pevnosti a pretvoieni na mezi kluzu). Charakter sit¢ MKP je c¢asteCné ziejmy
z Obr. 6. Model obsahoval celkem 11351 prvki.

174



-
=
=

il
1
il
/)
1
il

Obr. 6: Geometrie modelu a MKP sit’

Tab. 1: Vysledky laboratornich zkousek betonu

Casting journal - Bridge 2-2043-15
Concret Slump Aircontent Teperature of | Cube strenght
Casting date Element Object orete delivered | air min wlc | pure concrete | 28 days
quality ordered — ) air place (%) ©0 .
2-2043-15 155,0 5.0 17.5
. C35/45
262014 | Foundation1 [22043-15] = O | S4 160,0 | 4.0 7.0 04 | 176 58.8
2-2043-15 1500 6.5 17,2
18.7.2014 Foundation 2 i-igig-ig C3s/4s 83 2 4.0 - 0.4 =2 54.6
. oundation -2043- X X X
2-2043-15 XD3/XF4
4.7.2014 Foundation 3 iigjz-i: C3s/4s sS4 iggg 4,0 j: 0.4 59.6
7. oundation -2043- . S > E E
2-2043-15 XD3/XF4 140,0 5.3
25.9.2014 S rt 1 iigji-i: cas/as sS4 i[llgg 4.0 :: 0.4 54.4
9. uppor -2043- ] . . } .
2-2043-15 XD3/XF4 220,0 4.8
20.8.2014 S rt 2 iig:g-ig Casias 54 izgg 4,0 2: 0.4 54.0
8. uppo: -2043- . . . ) .
2-2043-15 XD3/XF4 210,0 4.5
28.7.2014 S rt 3 i-igjg-i: cas/4s 54 iigg 4,0 ;g 0.4 ;gz 40.7
a. uppof -2043- , , , . ; .
2204315 | DI/XF4 160.0 6.5 18.2
2-2043-15 170,0 56 16,8
C35/45
20102014 | Topdesk  [2:2043-15] 5T | s4 1400 | 40 6.5 04| 180 412
2-2043-15 180,0 5.8 17.9

3.1 Vysledky, srovnani se zatéZovaci zkouskou.

Jednu ze sledovanych sad vysledkl predstavuji svislé posuny mostni konstrukce. Obr. 8
priblizuje celkovou situaci. Obr. 9 a Tab. 2 potom porovnavaji simulované a naméfené hodnoty
svislych posunti vybranych bodid na dolni strané mostovky. Dosazena shoda je uspokojiva,
zdivodnéni vyznamnéjsich odchylek jesté bude predmétem dalsich analyz.

Analyza dalsich vysledkd (napt. Obr. 10 a Obr. 11) modelu umoziuje vytipovani mist
s vyznamné&j$im poSkozenim konstrukce. Ke vzniku trhlin by mohlo dochézet pfedevsim na hornim
povrchu mostovky nad stfedovym pilifem a u severni opéry. Simulovana $ifka trhlin nepiekracuje
limitni hodnoty definované normami, mize ale ovlivnit Zivotnost konstrukce. Proto by tato mista
méla byt sledovana pfi prohlidkach mostu.
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Obr. 7: Vyztuz modelu
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-6,000E-03
-5,400E-03
-4,800E-03
-4,200E-03
-3,600E-03
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0,000E+00
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Obr. 8: Simulované svislé posuny od 2. zatéZovaciho stavu (zvétSeno 150%) v¢. obrazu trhlin
(Cerné tisecky)
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Obr. 9: Méfené a simulované posuny na dolni ¢asti mostovky (hodnoty shrnuty v Tab. 2)
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Tab. 2: Porovnani namétenych a simulovanych hodnot svislych posunti na dolnim povrchu mostovky

1.zatéZovaci stav 2.zatézovaci stav
Naméfené ATENA rozdil Naméfené ATENA rozdil
Bod &islo posuny posuny posunil posuny posuny posunil
(mm) (mm) (%) (mm) (mm) (%)
2 0,31 0,253 18,30 0,09 0.139 54,56
10 0,44 0,187 57,61 0,64 0,207 67,71
12 -1,82 -1,313 16,87 -2,16 -2,652 22,78
13 -0,6 -0,490 18,33 0,86 -0,977 13,60
15 -1,36 -1.171 13,90 2,23 -1917 14,04
19 0,13 0,256 206,66 -0,04 0,241 702,98
21 -1.58 -1.269 19,68 -1,89 -2,168 14,71
22 0,21 0,083 60,46 0,33 0,120 63,66
25 -0,12 -0,009 92,89 -0,02 0.051 355,05
27 0.14 0.084 39,67 0,36 0.133 62,98
30 0,34 0,170 49,87 -0,04 0,206 615,02
36 0.5 -0,165 66,94 -045 -0,130 71,20
37 -0,67 -0,170 74,69 -0,76 -0,568 25,32
40 -0,22 -0,454 106,36 -0,69 -1,029 49,13
50 0,00 0,256 2456,60 0,05 0,241 582,38
58 0,23 -0.039 116,96 -0,52 -0,831 59,81
59 22,46 -1,452 40,98 323 2,606 19,32
60 -1,68 -1.466 12,74 -2.44 -2,623 7.50
64 0,37 0,162 56,24 0,04 -0,343 956,25
65 -1,98 -1,724 12,93 -2,66 -2977 11,92
71 -1,37 -0,993 27,52 -1,56 -1,707 9,42
72 -0,8 -0,846 5,75 -1,4 -1,648 17,71
74 0,5 -0,384 23,14 0,61 0,671 10,05
75 0,04 -(0,826 2165,00 -1,19 -1,516 27,39
76 0,55 -0,147 126,73 -0,27 -0,747 176,67
81 -0,72 -0,848 17,78 -1,4 -1,791 27,93
32 0,22 -0,127 157,73 -0,69 0,967 40,14
86 -0,61 -0,305 49,97 0,46 0,463 0,70
88 -1.46 -1.739 19,11 -2,24 -2,983 BaN
9] 0,55 0,217 60,62 0,37 0,230 37,81
96 -1,36 -0,956 29,71 -1,89 -1,964 3,92
99 -0,67 -0.485 2761 -0.82 -0,788 3,90

Rozdil posunti v Tab. 2 je definovan dle (1).
(méfeni—ATENA)x100

méreni

rozdil posunt =

(M
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Obr. 10: Izoplochy prvnich hlavnich napéti vé. MKP sité a obrazu trhlin (¢erné usecky) — max. Sifka
0,285 mm (pretvoreni konstrukce zvétseno 150%); horni obr. — vlastni tiha, dolni obr. — 2. zatézovaci
stav

4 ZAVER
Prispévek piedstavuje vysledky nelinearni analyzy mechanické odezvy mostu ¢. 2-2043-15 E4
Kristineberg ve Stockholmu. Ukazuje dobrou shodu vysledkt simulaci s daty ze zatézovaci zkousky.
Jsou identifikovana mista se zvySenym rizikem poSkozeni, vyzadujici sledovani v pribéhu uzivani
stavby. Odladény model miZe byt vyuzit k parametrickym ¢i pravdépodobnostnim studiim chovani
konstrukce a tak prispét k optimalnimu uzivani konstrukce.
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Prispévek byl vytvoren v ramci feSeni projektu ¢. LO1408 "AdMaS UP - Pokrocilé stavebni
materialy, konstrukce a technologie" podporovaného Ministerstvem Skolstvi, mladeze a télovychovy
v ramci ucelové podpory programu ,Narodni program udrzitelnosti " a projektu
CZ.1.07/2.3.00/30.0005 — “Podpora tvorby excelentnich tymt mezioborového vyzkumu na VUT”.
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Obr. 11: Pomérné pretvofeni &, V€. obrazu trhlin (Cerné tisecky) — max. §itka 0,285 mm (pfetvoreni
konstrukce zvétseno 150x); horni obr. — vlastni tiha, dolni obr. — 2. zatézovaci stav
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