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SUMMARY:

In seismic design of silos and bunkers a fillingeleat maximum is assumed to be governing. Duééohig
stored masses of the bulk solid the lowest naftegluency of the containing structure is very sméalhen using
response spectra method given in Eurocode 8 fagmiethe vibration periods are larger than the petars E
or even |, which describe the shape of the acceleration timmc This results in comparatively small
accelerations and subsequently seems to resulcomgaratively small base shear. Therefore, iinfilllevels
are considered that are well below maximum, theekiwiatural frequency of the structure will incesahus
leading to higher accelerations to be applied.

We report on a study where the question of a atitiitling level is investigated. Practical exampl&éom a
recently built coal-fired power plant are given.
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1. INTRODUCTION

Power plants are often built within earthquake sré&éderefore, the buildings are designed to also
withstand horizontal and vertical loads triggergdehrthquakes. In coal-fired plants the bunker Bous
which is housing the coal above the coal millsoaded by the dead weight of the bunkers and the
individual coal filling level. These loads are gaveg and trigger the highest horizontal loads wiri

an earthquake.

To calculate the horizontal earthquake loads ofi stizictures the maximum possible weight of the
structure combined with the full bunker fillingeembined with the lowest natural frequency and
hence with the corresponding horizontal accelemadi® stated within many design guidelines, e.g.
EC8. Sometimes the complicated structure along avitbmplex mass distribution makes it difficult to
determine the mass corresponding accelerationr@diogato the response spectra method. There are
many regulations in EC8 which are difficult to meeplant design as mentionedknoedel/

Hrabowski (2011)

This often leads to multiplying the mass with theximum possible acceleration and to the highest
forces not only on each individual member but ailsdhe foundation to be on the safe side. By using
a more sophisticated method where the differenkéufilling levels are taken into account, these
forces can be reduced and therefore, foundati@s sind costs will be minimised.

This paper reports on reducing the foundation lod bunker house using modal analysis and by
taking the bunker filling level into account. Thesulting foundation loads will be compared to the
results of the response spectra method using ttss g@responding horizontal acceleration on one
hand and the maximum acceleration on the other.hand



2. BACKGROUND AND PROJECT DESCRIPTION

The task which was given during the design prooéss coal fired power plant was to optimise the
steel structure for coal bunkers with a nominalacéty of 1730 metric tons and reduce the foundation
loads where possible. One of many design improvésngas the more sophisticated load assumption
within the earthquake load case. Until then a comioad assumption was taken as illustrated below
in Egn. 2.1, which corresponds to EC8 Eqn. 4.11.

F=FR*z*m, /Z(Zj*mj) (21)

The overall horizontal force,Rbase shear) is calculated by multiplying the alleseismologic mass
of the structure with a function where the PeripdfTthe eigenfrequency of the structure is takea in
account as shown in Egn. 2.2, which correspon@&C® Eqn. 4.5.

Fo=S (M) *M* A (2.2)
Therefore, the horizontal force for the earthqukesl case is governed by the overall mass and the

eigenfrequency of the structure which is taken iat@ount with the calculation in Egn. 2.3 and
follows the graph in Fig. 1, wheree¥ T < Tp according to EC8 Eqn. 3.15:

S=a*vi*S* B TJ(q*T) (2.3)
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Figure 1. Elastic response spectrum according DIN 4149 4igomp. EC8 Fig. 3.1
For the comparison of the results, Eqn. 2.4 and Ednare used.
When T < E (corresponding horizontal acceleration):
S=a*y*S*(2/3+T/Mg* (2.5/q-2/3)) (2.4)

When T < T < T¢ (maximum horizontal acceleration) according to B 3.14:

S=a*y*S*(25/) (2.5)



While it became apparent, that different fillingydds within the coal bunker create different veatic
loads, the horizontal loads will need to be adjistecordingly. Using the modal analysis provided by
a software program several filling levels were aldted between the two extremes of empty and full
bunkers. The different filling levels used in teisample were represented by the factors 1.0, 079, 0
0.5, 0.25 and 0.1 of the maximum bunker filling.eT¢hanges in height of the centre of gravity were
neglected on the safe side. The frequency of evase was extracted and the horizontal load
calculated from that. Therefore, the differentridf levels generated different eigenfrequenciethef
structure which resulted in different acceleratainthe different masses. For the overall horizontal
load the maximum load of all different filling lelgewas taken.
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Figure 2. Structural model for a typical wall structure bétbunker house

Fig. 2 illustrates a wall of the bunker house vitik horizontal bracing as modelled in the strudtura
design program. To illustrate the differences betwthe two methods a simplified model is used as
shown in Fig. 3.
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Figure 3. Simplified structural model for showing the diff&ices in earthquake design

All the calculations are based on the same paramete given in Eqn. 2.6 to Eqn. 2.14. This is
according to the German earthquake code (DIN 48483h also conforms to EC8 in the version of
2006, not with the version of 2010.

S = 0.75 (2.6)
a = 0.4m/$ (2.7)
Bo= 25 (2.8)
qg =15 (2.9)
Tg= 0.1 (2.10)
Tc= 0.5 (2.11)
Tp= 2.0 (2.12)
n = 1.0 (2.13)
y: = 1.0 (for simplified model, 1.2 as used in acledign) (2.149)

The simplified model shows a steel framework wdiieh is 20 m long and 45 m high. The columns
have quadratic hollow cross sections 1000x1000x30x¥n and a clearance of 5 m. The beams
between the columns have I- shaped cross sectiwhara 800 mm high, 300mm wide, with a flange
thickness of 30 mm and a web thickness of 15 mneyThave a clearance of 5 m as well. The
diagonal members have a quadratic hollow crossosectf 400x400x15x15 mm. This leads to a
moment of inertia for the overall cantilever sturet of 34.56 rhand with Young’s modulus of 21000
kN/m? for steel to a stiffness of 7257600 MRIMII members are modeled with hinged ends inclgdin
the connections to the basement well knowing thatality there is a neglected stiffness reserve by
elastic restraint at the bottom of each columnissudsed in Knoedel/Mueller, et al. (2011).



In another recent paper it is shown, that EC8 akitey regulations for higher strength steels. These
seem to have a smaller behaviour factor by havimgrstrength' compared to lower grade steels as
shown in Knoedel/Hrabowski (2012).

The weight of the bunkers and their filling addtopl 7330 kN. This weight is modeled on 3 knots at

the height of 45 m. Within the simplified model $keare the only vertical loads, respective masses
which are considered and therefore will be acctddrhorizontally by an earthquake.

3. CALCULATION USING RESPONSE SPECTRA METHOD

The eigenfrequency of a cantilever wall with a hontal load on its top can be calculated with the
following Egn. 3.1, as mentioned in Knoedel (2011):

f = a/2*3*El(M*L 3)°° (3.1)

With this equation and the above mentioned stirfes the simplified model we get the following
eigenfrequency f as given in Egn. 3.2, and theopefFias given in Egn. 3.3.

f = 18.4/s (3.2)
T = 0054s<3% (3.3)
For T < Tg, the horizontal acceleration has to be calculbtedlquation 2.4 and results in Eqn. 3.4:
S(M=a*y*s*(2/3+T/Tg*(2.5/q—-2/3)) =0.36 (3.4)
With this acceleration and the mass of 1733 tohitréizontal earthquake load on the top of the wall,

we get, is H = 624 kN and therefore a maximum galtiension force on the foundation of V = 1375
kN as illustrated in Fig. 4.
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Figure 4. Horizontal and vertical foundation forces calcathtvith $(T) = 0.36



The maximum acceleration for a perioglI T < T¢ is calculated with equation 2.5:
S =0.5m/3 (3.5)

Considering this acceleration and the mass of 1@3®e calculated horizontal force on the tophef t
wall is H = 867 kN and therefore a maximum vertieadsion force on the foundation of V = 1967 kN

as shown in Fig. 5.
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Figure 5. Horizontal and vertical foundation forces calcethtvith $(T) = 0.5 m/$

The difference between the mass correspondingeretiein and the maximum acceleration leads to a
remarkable change in the foundation loads andffiidemcy of the structure.

4. CALCULATION USING MODAL ANALYSIS

The modal analysis considers that every load insyséem having a different eigenfrequency and is
accelerated to a different direction at one time cérry out the modal analysis in this case we tised
method which is taking into account the answerhef éigenmode (Rcombined with the maximum
answer of all eigenmodes(R; :

Riot = (Rz(jmax) + R2(j))0.5 (41)

For this method being a conservative calculationdior example, it is considering the eigenmode
together with the maximum accelerated load, whiah figured out with some case studies in
comparison to SRSS- and CQC- method. Despite teatalculated smaller foundation loads than
using the response spectra method as can be segn &
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Figure 6. Horizontal and vertical foundation forces calcethtvith modal analysis and 100% filling
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Figure 7. Horizontal and vertical foundation forces calcethtvith modal analysis and 10% filling



5.RESULTS

We can point out, that due to our investigations mlaximum mass, not leading to the maximum
acceleration, results in the maximum horizontatifoand the maximum foundation forces for simple
structures and mass distributions as cantilevelswadth mass on the top (SDOF) regarding all model
uncertainties, which are needed to employ respspsetra method with a SDOF single degree of
freedom oscillator mentioned in Knoedel/Hel3 (2011).
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Figure 8. Example for Sd depending on the mass
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Figure 9. Example for Fb depending on the mass



Fig. 8 illustrates the acceleratiop @®pending on the mass. The following mentionedatiBnuity
points of the curve are related to the discontynpidints of the elastic response spectrum. Theecurv
rises to the pointd, stays on the same level betwegraid T and decends to the poing, where it
deviates and falls further down. As Fig. 9 shoveshibrizontal force fdepending on the mass is
continuously rising pitching up at the poird. From Tg to Tc it rises with a decreasing inclination and
beyond T it almost stays on the same level. With increasiags for simple SDOFs can be shown,
that the horizontal force,fs always rising until § whereas the acceleratiop$ays the same
between E and T and is falling beyond &

Tab. 10 compares the results based on the resppastra method with corresponding and maximum
acceleration to the results of the modal analyis varied filling levels of the coal bunkers.

H (kN) V (kN) difference H % difference V %
RSM - max 867 1967 0 0 0 0
RSM - corr 624 1375 261 30 592 30
modal - 100% 479 1039 388 45 929 47
modal - 90% 458 992 409 47 975 50
modal - 75% 426 918 441 51 1049 53
modal - 50% 365 778 502 58 1189 60
modal - 25% 295 609 572 66 1358 69
modal - 10% 247 483 620 71 1484 75

Table 10. Comparison of the results based on response apeethod and modal analysis

As shown within this paper it was possible to redtie foundation load within the above mentioned
structure significantly. It was found that the fdation loads within the simplified model could be
reduced in average by 45% compared to the respmesdtra method with maximum acceleration and
by about 15% compared with the response spectraothetith corresponding acceleration (Fig. 10),
considering that the simplified model gives not #uantages for the modal analysis than a real
structure with various loads does. Therefore withia structure of the bunker house the reduction of
the foundation load within the earthquake loadeeas 2/3 of the original loads.

6. CONCLUSION

Modelling a structure for seismic design involvegidions on which masses and stiffnesses should be
included to maintain an economic but sufficientiyesdesign.

In the presented example with coal bunkers fonagpglant the stiffnesses are defined uniquely by
the present steel structure.

Model errors might result from different assessnaéithe column's bases (pinned or clamped), but
with diagonal bracing these errors remain moderate.

As with the coal fill different levels have to bensidered which cause variations of the natural
frequencies of the dynamic system.

It is assumed generally that seismic loads woutttadese if the governing oscillation period is large
than the control periodclin the response spectrum, since the acceleratidinsbviously decrease
beyond that point.

It seems however that if the frequencies of thecttire are altered by additional mass only, the bas
shear will still increase.

This is due to the fact that the reduction of ae@lon with increasing period does not balance the
increasing of the mass.

This effect is demonstrated with quantities fronealistic structural analysis of a German power



plant, the numbers were only adjusted to a singaliiunker wall.

It shows that a reduction of the base shear isiledsy some 45 % compared to the plateau loads,
which is not surprising if the natural period oé tstructure does not happens to lie withiraihd Tc.

The present bunker wall uses diagonal bracing, misizery stiff, so the period is sufficiently sial
Alternatively and with much more effort modal arsaéywas employed, which is in detail discussed in
the paper, and which allowed to reduce the desige khear by another 15 %.

Due to the simplification of the bunker wall foetlgiven example, it showed, that some featurelseof t
dynamics of the structure turned out to be diffetean in the actual design, which could not be
discussed in detail for lack of space.

We will report on these effects in a follower paper
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