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Numericko-eksperimentalni pristup cvrstoci konstrukcija zasniva se na primeni numerickih
metoda proracuna, prvenstveno metode konacnih elemenata, zajedno sa tehnikama eksperimentalnog
ispitivanja. Prvo, bice predstavijen konvencionalni pristup proceni cévrstoce konstrukcija, koji
ukljucuje staticu analizu, radna opterecenja i linearnu analizu koriS¢enjem metode konacnih ele-
menata.

Kasnije ce biti predstavljene neuobicajene metode za razumevanje c¢vrstoce strukturnih ele-
menata koji se obicno koriste u procesnoj industriji. Ove metode ukljucuju dinamicku reanalizu i
testiranje modela, koje obe pruzaju detaljniji uvid u ponasanje konstrukcije. Dinamicka reanaliza
zasniva se na ideji da sam napon nije uvek dovoljan pokazatelj kriticnih mesta na konstrukciji.
Umesto toga, ova metoda koristi raspodelu razlike potencijalne i kineticke energije kako bi se iden-
tifikovale slabe tacke i predlozila moguca poboljSanja dizajna. Modelsko ispitivanje podrazumeva
izradu i ispitivanje umenjenog modela konstrukcije. Testiranje modela umesto konstrukcije u punoj
velicini znacajno smanjuje troskove i vreme testiranja. Stavise, laboratorijska ispitivanja omogucav-
aju upotrebu sofisticirane opreme, kao Sto je sistem za korelaciju digitalnih slika, koja je cesto
neprakticna za primenu u samom postrojenju. Posto su mnogi strukturni elementi u procesnoj indus-
triji oblika ljuske izlozene unutrasnjem pritisku (membransko naprezanje), oni su posebno pogodni
za modelsko ispitivanje, ali u zonama gde su efekti savijanja dominantni, moraju se formulisati
koeficijenti slicnosti.

Na kraju, analizira se granicna cvrstoca konstrukcije. Tradicionalni postupci proracuna gen-
eralno uzimaju u obzir elemente konstrukcije koje uticu na krutost i ¢vrstocu, dok se zavareni spojevi
zanemaruju u linearno-elasticnim analizama pod normalnim radnim opterecenjima. Ali Sta je sa ne-
ocekivanim preopterecenjima koja mogu dovesti do otkaza konstrukcije? Kada se razmatraju
granicna cvrstoca i plasticna deformacija, zavareni spojevi moraju biti ukljuceni u analizu, jer razlike
u mehanickim svojstvima razlicitih regiona zavarenog spoja imaju znacajan uticaj na integritet kon-
strukcije.

Numerical and experimental approach to structural strength is based on the application of nu-
merical computation methods, primarily finite element method analysis, together with experimental
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testing techniques. Firstly, the conventional approach to structural strength assessment, which inclu-
des static loading conditions, service loads, and linear analysis using the finite element method, will
be presented.

Later, advanced methods for understanding structural behavior of structural elements
commonly used in the process industry, will be presented. These methods include dynamic reanalysis
and model testing, both of which provide a more detailed insight into structural performance. Dyna-
mic reanalysis is based on the idea that stress alone is not always a sufficient indicator of critical
regions in a structure. Instead, this method evaluates the distribution (differences) of potential and
kinetic energy in order to identify weak points and suggest possible design improvements. Model
testing involves the production and examination of sub-scaled structural models. Testing a model
instead of the full-scale structure significantly reduces both costs and testing time. Furthermore, la-
boratory testing allows the use of advanced equipment, such as Digital Image Correlation system,
which are often impractical for on-site applications. Since many structural elements in the process
industry are shell structures subjected to internal pressure (membrane stress), they are particularly
suitable for model testing, but in the zones where bending effects are dominant, similarity coefficients
must be formulated.

Finally, ultimate structural strength is analyzed. Traditional design procedures generally con-
sider only the structural components that affect rigidity and strength, while welded joints are
neglected in linear-elastic analyses under normal service loads. But what about unexpected overlo-
ads that may lead to structural failure? When ultimate strength and plastic deformation are conside-
red, welded joints must be included in the analysis because variations in the mechanical properties
of different weld regions have a significant influence on the overall structural integrity.

1. Introduction

There are many challenges in everyday engineering practice considering structural strength.
The first one is how to produce optimal structure, considering expected workloads and unexpected
(sudden) loads. The second challenge is to diagnose the cause of failure of a steel megastructure, in
order to enable the machine and return it to operation, as soon as possible. In case of failure is neces-
sary to apply an efficient system for the diagnosis and to perform a number of steps to enable machine
to operate. The cause may be one of four (the same challenges dealing with when designing a new
machine): error in design (geometry) of a part of the structure, the error in the production of parts
(error in material and welded joints), error in operation or unpredictable circumstances (unexpected
workloads).

2. Finite Element Method

Numerical calculation (based on Finite Element Method) of the structure is inevitable tool in
structural diagnostics. It is usually used to identify stress concentration zones and deformation under
static load, and oscillating modes and free frequencies (dynamic calculations). It is based on displace-
ment method. The most sensitive, the most important and most difficult manageable procedure of the
calculation process is structure modelling. Modelling, in fact, is mapping the physical to computa-
tional model according to technical documentation, selection of the type or types of finite elements
and defining of physical model discretization by finite elements, nodal points, boundary conditions
and loads. Example of a computational models discretized in small elements is shown in Fig. 1.
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Fig. 1 Stress field of a pressure vessel loaded with
internal pressure of 1.5 MPa [1]

In Fig. 1 stress field of a pressure vessel loaded with internal pressure is shown [1]. In Fig. 2
stress field of a globe valve housing loaded with axial force is is shown.
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Fig. 2 Stress field of a globe valve housing loaded with
axial force of 30 kN [2]

Pressure vessels and valve housings, as well as the pipelines, are typical elements of a process
industry plants. Those are typical shell elements loaded with internal pressure and temperature, hence,
finite element computational models contain shell elements.

2.1. Dynamic calculations and reanalysis method

Dynamic calculations are not only giving modal shapes, free frequency values, but also distri-
bution of potential and kinetic energy of deformation and can be used in more sophisticated manner
for structural redesign. For instance, reanalysis method is based on distribution and potential energy,
giving recommendations for redesign, in order to reduce stress concentrations. The recommendations
for redesign are: (1) Elements in which both potential and kinetic energy are small, are not suitable
for dynamic modification (e.g. the elements near the supports of the structure); (2) Elements for which
the potential energy dominates the kinetic should increase rigidity; (3) Elements in which kinetic
energy is dominant in relation to the potential need to reduce weight; (4) When both the kinetic and
potential energy are high, reanalysis is performed based on the difference growth of potential and
kinetic energy between the original and the modified structure (most complex case).

In paper [3] dynamic calculation was used to identify the cause of crack occurrence and to
propose redesign solution. Namely, a crack occurred on gusset plate of pylon vertical truss of bucket
wheel excavator (BWE) SchRs630.
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Fig. 3 Bucket wheel excavator SchRs630, gusset plate crack position [3]

Numerical computational model of pylons, slewing platform and undercarriage was formed.
Calculations are done using finite element method (FEM) for different load cases. As can be seen
from Fig. 4 showing stress distribution field for a loading in accordance to standard (deadweight and
workload), there is no stress concentration leading to crack occurrence in the zone of interest.
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Note: 1.52e+8 N/m2 equals to 152 MPa
Fig. 4 Bucket wheel excavator SchRs630, Von Misses stress [3]

It was determined, by the help of dynamic analysis (Fig. 5 showing the third oscillating mode,
torsion of pylons) that the inertial forces caused by bucket wheel boom and counterweight boom
masses While breaking slew drive cause the stress concentration in this spot.

Based on dynamic calculation and distribution of potential and kinetic energy on oscillation
modes, using the reanalysis method, redesign of this part of the structure was proposed. When it
comes to redesigning, redesign proposal should be such as to reduce stress concentration, that it can
be done in a short period of time and that it can all be done in situ, including minimally possible
dismantling of machine parts.

The stress was reduced by over 20% by proposed redesign solution. In the end, the proposed
solution needs to be verified. Confirmation of the solution proposed and performed on the structure
of the excavator, gave a number of work cycles without failure (indirect evidence).

Previous study described possibilities of usage of dynamic calculations for the purpose of re-
design of a bucket wheel excavator, but could be easily applied for instance to redesign the zones of
nozzles on pressure vessels.
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Fig. 5 Bucket wheel excavator SchRs630, Dynamic calculation, the third oscillating mode, distribu-
tion of seizure of potential and kinetic energy [3]

3. Experimental Testing, Model Testing

Numerical calculations are inevitable part of any structural strength assessment, but they need
verifications. Sometimes, as previously mentioned, verification is indirect, as the number of work
cycles without failure. The clear evidence of verification of numerical calculations would be experi-
mental testing of phenomenon obtained by numerical calculations.

However, sometimes is not possible to perform the experiment on the real structure. Instead on
the real structure, one can perform experiments on its sub-scaled model (fundamentals of model test-
ing). Model testing enables to predict the stresses and deformation, and dynamic behavior of the real
structure regarding stresses, deformation, and dynamic behavior of the model. Experimental testing
on laboratory model instead on real structure results in great saving of money and time. The idea of
modal testing is shown in Fig. 6.

FEM model of FEM model of
the real structure sub-scaled structure

T

experimental testing
on laboratory model

Fig. 6 The idea of model testing
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Simplified, idea of model testing could be down to: one performs numerical calculations of
both, real structure and sub-scaled model, then performs experimental testing of the model that con-
firms numerical computational model of the sub-scaled model, and indirectly (circumstantially) con-
firms numerical computational model of the real structure.

Recommendations for model testing are well-known and part of theory of similarity and are
confirmed on a model testing of a SchRs 630 bearing structure [4]:

- all dimensions and thicknesses are decreased 10 times, loading is decreased 100 times com-

paring to the real construction,

- stress filed looks the same as the stress field of the real construction,

- stress values (between sub-scaled and real construction) are different in different zones,

- structure of stress in in all zones is analyzed, share of membrane, sheer and bending stress;
coefficients are formulated as follows membrane stress-coefficient 1, sheer and bending
make a difference,

- dynamic calculation, free frequencies of the sub-scaled model are 10 time higher than free
frequencies of the real construction.

Pressure vessels and pipes are good candidates for model testing, considering that they are

loaded with internal pressure causing membrane stress, except in the zones of nozzles etc.

4. Ultimate Strength, Influence of Welded Joints in Plasticity

Ultimate strength considers once-in-a-lifetime loadings, that include overloading scenarios that
lead to structural collapse, i.e., ultimate strength. When ultimate strength and plastic deformation are
considered, welded joints must be included in the analysis because variations in the mechanical prop-
erties of different weld regions (base metal, weld metal and heat affected zone) have a significant
influence on the overall structural integrity, like shown in [5]. Firstly, methodology for material char-
acterization of heat affected zone is developed. That methodology did not include small specimens
taken from heat affected zone, and then tested, rather included deformation obtained using digital
image correlation experimental method [6] and iterative numerical and experimental approach. Ob-
tained material properties of heat affected zone are illustrated in Fig. 7.
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Fig. 7 Hlustration of material properties obtained using inverse iterative methodology [5]

Later, three numerical computational models of a pipeline are made, the one without welded
joint, the one containing welded joints but treats heat affected zone having the same characteristics
as base material, and third containing heat affected zone with its own characteristics. Result is stress
concentration factor shown in Table 1.
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Table 1 Nonlinear analysis (plastic domain) of the pipeline [5]

Internal Stress in the zone of Stress in HAZ Stress in WM | Stress concen-
pressure parent material [MPa] [MPa] tration factor
[MPa] [MPa] 1
The second model 77 285 326 454 1.59
(HAZ = parent material)
The third model 77 282 373 416 1.47

[1]

[2]

3]

[4]

[5]

[6]

5. Conclusions

— Numerical calculation based on Finite Element Method is inevitable tool in structural diag-
nostics,

— Stress is not the only one indicator of structural behaviour, dynamic calculation could be
used for obtaining the whole insight into structural behaviour and for redesign proposal,

— Numerical calculations need verification — significance of the experimental testing is high-
lighted,

— When is not possible to perform the experiment on the real structure, one can perform ex-
periments on its sub-scaled model (model testing),

— Traditional approach in structural designing and strength assessment that observes structure
without welded joints is sufficiently accurate in terms of elastic response; When it comes to
ultimate strength and plastic deformation, welded joints must be teken into account consid-
ering its vast influence to structural strength in plasticity.
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