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Abstract

Anchor plates with undercut anchors are frequently used, e.g. in fossil or nuclear
power plants, to fasten safety-related systems and components. The anchor plates
have to resist significant loads under earthquake excitation without loss of safety
or function. On the other hand, earthquakes can cause large cracks in concrete
structures at the anchor locations, which will result in large displacements of the
affected anchors. Anchor displacements have to be minimized to ensure the func-
tionality and safety of attached systems and components. A concept is presented
to numerically determine realistic anchor displacements of installations and com-
ponents under earthquake excitation and to specify exceeding probabilities for
design limits using the software optiSLang. All relevant variables with influence
on the resulting displacements are quantified by stochastic variables. The compu-
tation and evaluation of anchor displacements under earthquake excitation is
demonstrated for a typical building of a nuclear power plant. Realistic anchor
displacements under earthquake excitation are calculated by comprehensive dy-
namic computations in time domain within the framework of a Monte-Carlo-
Simulation and applying variance reduction techniques. The probabilistic simula-
tion yields a stochastic distribution of seismic anchor displacements resulting
from realistic boundary conditions defined by stochastic parameters. Based on the
resulting distribution of anchor displacements, exceeding probabilities for dis-
placement design limits can be calculated and evaluated considering the stochastic
variation of the design earthquake itself.
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1 Introduction

Anchor plates with undercut anchors are frequeasigd, e.g. in nuclear power
plants, to fasten safety-related systems and coemenThese include for in-

stance, mechanical components, power piping, steettures, and cable racks.
The anchor plates have to resist significant loadder earthquake excitation
without loss of safety or function. Also, earthgaeakcan cause large cracks in
concrete structures at anchor locations, which nggult in large displacements of
the affected anchors.

Anchor displacements have to be minimized to enthe@dunctionality and safety
of attached systems and components. In case ahitedi anchor displacements
knocking effects can occur, which amplifies thel pult of concerned anchors and
affects the attached components. Moreover, nonlimes which are coming
along with large anchor displacements, cannot hguced within the design
process. In Germany, the qualification procedurarathor systems under earth-
guake excitation in nuclear power plants requipggeaments to evaluate anchor
displacements under most unfavorable condition& wegard to anchor forces,
crack widths and the number of crack opening/ctpsirquences during earth-
guake. The corresponding tests are specified ilDiB¢-guideline (2010). Based
on a deterministic safety concept, these experisngmbuld verify the safety and
functionality of anchor systems in case that alramentioned unfavorable boun-
dary conditions occur at the same time and in thmes direction. Thus, the
conservatively measured worst case anchor dispkcisnclearly overestimate the
expected real displacements of installations amdpoments. For a realistic calcu-
lation of expected anchor displacements under eaalhquake excitation, all
variables, which significantly influence the anchaisplacements, have to be
guantified and evaluated in a realistic and nonseovative manner.

A concept is presented to numerically determinénandisplacements of realistic
installations under earthquake excitation and sxp exceeding probabilities for

displacement design limits by a reliability anadyssing the software optiSLang.
Therefore, influencing variables (e.g. soil chaeastics, eigenfrequencies of
structural elements and plant components, utibrafactors of anchors, and crack
widths) are defined by stochastic variables. Thela/fanalysis process is simu-
lated numerically, including earthquake excitatasting on the building, crack

opening time-histories in structural elements, &atling time-histories at anc-
hors. The realistic anchor displacements underhgaake excitation are

calculated by comprehensive dynamic computationkartime domain within the

framework of a Monte-Carlo-Simulation and applyimgriance reduction tech-

niques. The probabilistic simulation yields a stmstic distribution of anchor

displacements resulting from realistic boundarydstions defined by stochastic
variables. The probabilistic concept is appliedut@lercut anchors in a typical
building of a nuclear power plant. Based on theiltes) distribution of anchor

displacements, exceeding probabilities for designtd can be calculated and
evaluated considering the stochastic variatiomefdesign earthquake itself.

Weimarer Optimierungs- und Stochastikt@ge— 24./25. November 2011 2



2 Determination of anchor displacementsunder earth-
guake excitation

2.1 Genera

In Germany the design of anchor systems under cqpaaki® excitation in nuclear
power plants is based on a qualification procedlings procedure includes expe-
rimental tests according to recommendations ofHgt-guideline (2010). The
guideline assumes that cracks arise in concraietates under earthquake excita-
tion and that these cracks show cyclic opening@nsure during an earthquake.
Furthermore, the reaction forces in anchor systemdgrlie cyclic changes in case
of earthquake excitation, in which the dynamic h&draof the fastened compo-
nents significantly affects the time response @han reaction forces.

Assuming that under earthquake excitation a craok exactly through the anc-
hor hole, the DIBt-guideline (2010) recommendsetént cyclic experiments to

evaluate anchor displacements, which correspotitetdesign earthquake. On the
one hand an anchor displacement is experiment&tgrohined for an opened
crack in the anchor hole and under cyclic tensiatih O load cycles. On the

other hand an anchor displacement is measuredoaitstant tensile load and 5
cycles of crack opening and closure. Using a datestic safety concept, these
experimental boundary conditions are very consemaeven for lack of more

precise insights.

The paper suggests a probabilistic concept to atalcealistic anchor displace-
ments under earthquake excitation. The concept ased on a detailed
guantification of all parameters, which have a Bigant influence on these dis-
placements. With it, the very conservative assuwngtiin the experimental
procedure shall be replaced by realistic boundanditions in numerical simula-
tions of anchor displacements under earthquakeatici.

Fundamental conservatives in the deterministic eph@nd within the corres-
ponding experiments according to the DIBt-guideli(®010), which are in
contrast to real situations of installed anchoteays, are listed below:

- Typically, anchor systems consist of multi-anchiatgs. Due to the distri-
bution of forces multi-anchor plates show differedisplacements
compared to single anchors under most unfavoraddeyd loads and crack
width. The effect of plates is not yet consideradthe DIBt-guideline
(2010).

- The deterministic concept assumes maximal crackhwid all anchor
holes of a multi-anchor plate at the same timeeld concrete structures
cracks with maximal crack width are in larger digta to each other, be-
cause of stress relaxation in cracked reinforceuticge.

- In case of components, which are fastened withiptelanchor plates, the
deterministic concept implies maximal crack widthall anchor holes of
all anchor plates. This is a highly conservativeuagption.
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- The experiments are carried out with the value akimal crack width.
This value is equal to the 95%-fractile of the &raadth distribution in a
concrete structure, which is fully utilized undersayn earthquake loads.
The real distribution of maximal crack width is nminsidered. Further-
more, design reserves exist in most cases andethénced concrete
sections are not fully utilized.

- In experiments according to the DIBt-guideline (@D&nchors are loaded
with maximal loads. By contrast, anchor systemseal situations typical-
ly have design reserves.

- In real situations the maximal crack width and madi anchor tensile
force do not occur always at the same time andlfacrack opening and
load cycles.

Realistic boundary conditions for numerical simiolas of anchor displacements
under earthquake excitation are specified in Sedatidor a typical stiff building
of a nuclear power plant.

2.2 Dynamic analysis of buildings under earthquake exci-
tation

Anchor displacements under earthquake excitationlypndepend on two types of
internal forces. On the one hand they depend otetigon forceN which acts on
the anchor. On the other hand they are signifigaatffiected by the bending mo-
mentM of the associated structural part to which thehandgs fastened and in
which the quantity oM primarily correlates with the quantity of crackeming.
The determination of the response time-historyntérnal force variables is rea-
lized in the time domain by linear dynamic analyséthe primary structure with
attached component fastenings in the model. Theptien simulation is per-
formed with one global model, including the exadat the calculation of bending
moments and correlated crack openings, and theotemsrce at anchors. The
excitation of the building is realized by accelemattime seriesiy(t) representing
the specific design earthquake.

Figure 1 shows a scheme of the analysis procesgafary structure with com-
ponents. The building is modeled either as beanasrshell structure with
additional mass points, if necessary. The soilestme interaction is covered by
spring elements with stiffness derived from sobperties. The anchor systems
are also modeled by spring elements and attached pwints, which represent
fastened components. The corresponding springnesiff and mass are adjusted to
cover the basic dynamic behavior of appropriatécemponent fastenings. In the
model, components can be assigned to walls ands.slElflie response time-
histories of bending momenkg;(t) are determined at anchorage pojniis walls

or slabs, respectively. The response time-histarfesnchor force\i(t) at these
anchorage points are identical to forces in theesponding spring elements.

The example of Section 4 refers to a typical dbifilding of a nuclear power
plant. In Germany, the design earthquakes of nugewer plants are defined by
a wide-band frequency spectrums, which accordinthéostandard KTA 2201.1

Weimarer Optimierungs- und Stochastikt@ge— 24./25. November 2011 4



(2010) represent the various characteristics déint acceleration time-histories
of possible ground motions. Based on a specifiatevioiand frequency spectrum
it is possible to generate artificial acceleratimme-histories, which are applied as
earthquake excitation to the model and which althefm cover the initial spec-
trum. As a consequence these artificial accelaratime-histories come along
with higher energies and a higher number of largpléudes compared to natural
ones. For this reason natural acceleration timmiies of earthquake excitation
are used in the present framework to evaluate argisplacements. The natural
time-histories are selected for the power planation with respect to soil consis-
tency, geological conditions, and the maximal gobanceleration and the ground
response spectrum of the design earthquake. TYpical earthquake analysis is
performed with 10 natural time-histories per stuuat model. In case of linear
analyses the results of all calculation runs caavaeaged.

Within the dynamic analyses two ground models wifferent parameters of soil
material are applied to consider soil variations.t@e one hand theviiN’-model
with reduced values of ground stiffness is used@nthe other hand thé&/fAX'-
model with increased values is applied. Followihg tecommendations of the
standard KTA 2201.1 (2010) and based on the aveyamend stiffness, which is
typically specified in the soil investigation repothe reduction of ground stiff-
ness is realized by factor 2/3 and the increasefabyor 3/2. The dynamic
calculation of internal force time-histories is fmemed for both soil models and
each with all natural time-histories of earthqualkeitation. The internal design
forces are defined by the relevant extreme valdethe finally derived time-
response functions, which are averaged functionth@ftime-response calcula-
tions of internal forces for thevfIN”- and “MAX’-model, respectively.

=

Secondary structure

Crack width
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Primary structure

|| I( T o
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Figure 1: Scheme of the analysis process of a pyistaucture with components:
simulation of response time-histories at fastenohggs to earthquake excitation.
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2.3 Determination of anchor displacements from time-
histories

The present analysis investigates displacementsi@ércut anchors which occur
under earthquake excitation in direction of thedasd components. The compu-
tational model is based on the assumption thatetr@schor displacements
accumulate in case of an opened crack in the arublerand a tensile force act-
ing on the fastening at the same time. In the sealility limit state the crack

width in reinforced concrete primarily calculatesrh the appropriate bending
moments. The relevant bending momiht.x at the anchor location is determined
from the maximum values of thiMiN”- and “MAX’-models as follows:

~ MAX ~M1N)

Mmax = max (Mmax > Mmax (1)

The maximum values of bending moments of thiégN’- and “MAX’-models are
median values derived fromn simulations with different ground acceleration
functions.

~ MIN

_ . MIN . ~ MAX . MAX
Mmax - medlan g= 1 (Mn, max ’ Mmax - medlan gz 1 (Mn, max (2)

In each case,’i,. and M, at the anchor location are maximum bending
moments in theMIN”- and “MAX’-model, respectively, caused by theh exci-
tation function.

It is assumed that the crack width in a reinforcedcrete part behaves propor-
tional to the bending moment at the same locatidansequently, the time
response of crack width, (1) caused by excitation calculates from the time
response of the associated bending moment by niaatiah with the relevant
maximum momenMmaxand scaling with a corresponding crack wiagh

M@
Mmax (3)

Analogously to the relevant bending moment, thegtherelevant tensile force in a
fastening calculates as follows:

Wn (t) E Wmax

1 ~ MAX ~ MIN
Nmax= E'maX(Nmax aNmax ) ’ 0<0Q<l1 (4)
~ MIN . MIN ~ MAX . MAX
Nmax = median g= 1 Nn, max ; Nmax = median gz 1 N, max (5)

In that Equationv, "], andN,"s~ are the maximum tensile forces in the fastening
caused by excitation of the ‘MIN"- and “MAX’-model, respectively. The factor
1/Q captures the partition of the total tensile fokgg, in a first part@ - N,,,, due

to earthquake excitation and a second pdr2)- N due to quasi constant
loading. The time response of anchor faf;&) caused by excitation calculates
from the time response of the fordg(z) in the fastening added to the quasi con-
stant anchor load, and by normalization of this @t force withNnyax and
scaling with the maximal allowed anchor fofge

Weimarer Optimierungs- und Stochastikt@ge— 24./25. November 2011 6



Nn(t) + (I_Q) : Nmax
Nmax

F,(t) =F,

(6)

The anchor displacements can be determined bas#t dime response of crack
width w,(#) and the time response of anchor frd¢gs) for the ‘MIN"- and

“MAX’-model and in each case for all excitationg-or that purpose the two time
series are overlaid and evaluated at discrete gwoiritme (Figure 2). The possible

anchor displacemem, .(#;) at timet; due to excitatiom calculates:
wenn w, (%) <0 oder F,(¢)<0 } @)

Dn,z(ti) = {

0

C-w,(t)" - F,(t;)

wenn w,(,) >0 und F,(z) >0

This formula is derived from evaluated cyclic paoillt tests of anchors, which are
carried out according to the DIBt-guideline (20E®3) explained in Section 2.1.
From these pull out tests the constant parametas @ell as exponents andp

can be derived for various types of undercut arghor
The relevant anchor displacemént, of a crack opening cycleis defined by the
maximum value of all possible anchor displacemaeuitisin that cycle.

(8)

D, .=max]_, (Dn,z(ti))

The total anchor displacemeB}, caused by earthquake excitatiomesults from
the summation of relevant displacemeiys over all crack opening cycles
9)

Wh (1) , Fn (t)

Fn(t)

Wh (t,)

4

l)n= Z;n: 1 Dn,z

Time domain with w, (t) > 0 endF, () > 0
in which anchor displacements are evaluated

... crack opening sequenaes

z=2

historyF,(?) .

Figure 2: Overlay of crack opening time-histary() and anchor loading time-
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The final calculative value of anchor displacememder earthquake excitation is
the maximum value of the medians of th&IN"- and “MAX’-model added to the
initial slip D, of the anchor.

D = Dy+ max (median v (DY™) , median)_ | (D) AX)) (10)

3 Probabilistic concept
3.1 General

In the context of a probabilistic analysis, thoseiables, which mainly influence
the anchor displacements, are defined stochastichiist of all, the relevant
influencing variables are determined from the enset of input variables by a
sensitivity analysis. This leads to a sensibletbhiset of variables for the subse-
guent stochastic analysis of anchor displacemdititsn, probability distribution
functions are assigned to these variables and uhetibns are parameterized
based on available data records.

Within a Monte-Carlo-Simulation the relevant infheeng variables are varied
independently of each other and according to gheddetermined realistic distri-

bution. The corresponding anchor displacementsiaralated for each parameter
set of the variation. At last, the Monte-Carlo-Slation yields a distribution of

simulated anchor displacements depending on thaticar of input variables. The

simulated distribution of the output variable emsblor a probabilistic evaluation
of anchor displacements concerning exceeding pilitiigof design limits.

3.2 Influencing variables

In the following all influencing variables are sgfead, which directly or indirect-
ly affect the calculation of anchor displacemeftam this entire set of variables
the relevant influencing variables are determingd Bensitivity analysis.

- The soil consistency is important for the soil-stwe interaction and the-
rewith it influences the internal force variabldghle dynamic analysis.

- The eigenfrequency of the construction part (waélb) is a decisive prop-
erty concerning its response in case of dynamidagian.

- The eingenfrequency of the assembled componeniciesizes its dynam-
ic behavior and affects the anchor force in casgyadmic excitation.

- The crack width in concrete structures depends henmaximal crack
width in the construction part and its utilizatitavel within the servicea-
bility limit state. The anchor displacements inseavith increasing crack
width in the anchor hole.

- The tensile force in an anchor depends on the apgdrstrength of the
anchor and its utilization level. Consequently, #rehor type indirectly
influences the resulting anchor displacement umrdethquake excitation.
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The anchor displacement increases with increasmfa tensile force in
case of an opened crack in the anchor hole.

- The ratio between anchor load due to earthquakitatinn and entire anc-
hor load influences the calculated anchor displasgmaccording to
Equations (4) and (6).

- The concrete strength affects the resistance aofahetruction part against
the pullout of anchors. The concrete strength isscered indirectly in
Equation (7) by the experimentally determined canist C,occ andp.

The number of anchors per anchor plate makes aacingn the anchor displace-
ments as explained in Section 2.1. However, thiscefis not yet considered
within the presented probabilistic concept.

3.3 Monte-Carlo-Simulation

Plain Monte-Carlo-Simulations require an enormoumiper of parameter sets,
so-called samples, to ensure sufficient qualitythe subsequent probabilistic
evaluation. The number of necessary samples ineseaastly with increasing
number of stochastic input variables. For this eeasariance reduction tech-
niques are often applied in stochastic analysesngure a high quality in the
probabilistic evaluation with a limited number afnsllated samples. An efficient
variance reduction technique is the Latin Hyperc8benpling, which is applied
for the Monte-Carlo-Simulation in the example ot 4.

The Latin Hypercube Sampling is based on a subdivief the range of each
stochastic variable iN intervals of equal probability. In doing 94 ,is the number
of samples which have to be generated. From edehval one value of the sto-
chastic variable is extracted randomly so thatréimge of each variable is entirely
covered considering the corresponding probabiligtridbution. The extracted
values of each stochastic variable are randomlybooed with the values of all
other variables. A detailed description of the hatypercube Sampling can be
read, for instance, in the documentation of théwske optiSLang (2011), which
was applied for stochastic simulations within tblofving example.

4 Example

41 Modd description

The probabilistic concept for the determination anluation of anchor dis-
placements under earthquake excitation is demdedtran the example of a
typical stiff building of a nuclear power plant. &beam model, which is applied
for the dynamic analysis of the building, is illkeged in Figure 3. The equivalent
stiffness of braced structural parts is assignedystise to beams in the model.
Masses of stories are concentrated in positiofil®oirf slabs. The model is discre-
tized by finite 2D beam elements with nodal degreefeedom in the vertical
and in the resulting horizontal direction. Exemplahe probabilistic concept is
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applied to evaluate anchor displacements in wHllequired, the simulation can
be extended also to evaluate anchor displacemestabs.

Basically, the dynamic behavior of walls correlateth the dynamic behavior of
the building in horizontal direction. Since the siated time response of internal
forces is normalized, the bending moments can berméed from walls with
story-equivalent stiffness. Thus, the fastening @fall component can be directly
applied as a single degree of freedom system &tflatdhan existing beam in the
building model. The stiffness and masses of thédimg model and the attached
single degree of freedom system are adjusted amedvi cover the typical spec-
trum of realistic eigenfrequencies.

The translational and rotational stiffness of bagangs are determined from a
static analysis independent on frequencies butidensg the particular soil
properties at the power plant location. This proasg is based on recommenda-
tions of the guideline DGGT (2002).

slab ?
component
D
: 1S9
primary
structure ¢ ®
] N(t) . .
M(t) __+ wall componer
Y
Loy
X

Figure 3: Typical stiff building of a nuclear powgant: structural model with
fastened components at a wall and a slab respbgtare evaluation points of
anchor loading time-histories.
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Figure 4: Ground response spectrum of the resuftangontal acceleration com-
pared to the median spectrum of 10 scaled natacaleration time histories.

10,0

— zv01_v
— zv02_v
— zv03_v

NQ — zv04_v

E 10

c — zv05_v

2

© —— 2v06_v

2

§ — 2v07_v

= 08_v
— 2v

S o1 -

=]

o — zv09_v

>
— zv10_v
e = » Ground response

0,0 Median_v
0,1 1,0 10,0 100,0

Frequency [Hz]

Figure 5: Ground response spectrum of the veréice¢leration compared to the
median spectrum of 10 scaled natural acceleraiioa histories.
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4.2 Timeresponse of excitation

The simulations are realized with 10 independettiraatime series applied for
the horizontal excitation of the building and l1@ependent natural time series
applied for the vertical excitation. These timeegare chosen in accordance with
the geological characteristics of the ground, tfeximum ground acceleration,
and the ground response spectrum of the desighgemite. The natural time
series are adjusted by scaling factors to covedésiggn spectrums of horizontal
and vertical excitation of the building. Figuresadd 5 show the computed re-
sponse spectrums of the adjusted natural timessereomparison with the design
spectrums of a certain place of location in Germdimgse ground response spec-
trums define accelerations at ground level andbmnsed approximately for the
excitation of the building.

4.3 Influencing variables and sensitivity analysis

The probabilistic analysis considers four typesiodercut anchors and their real
installation frequency. These four anchor typesrapresentative for the exem-
plary investigated building. The considered anctymes are: Fischer FZA-K
M12, Hilti HDA-T M10, Hilti HDA-T M12, and Hilti HDA-T M16.

The probabilistic analysis of anchor displacememder earthquake excitation is
based on the stochastic characterization of influgnvariables. In the example,
the stochastic variation of influencing variablesaipproximately described by
normal or lognormal distribution functions, respesly. Mean values, standard
deviations and bounds of the stochastic variableslafined by experience or by
analyzing existing data of the building. The statltadescription of the variation
of maximal crack width is based on experimentabdathich are documented in
the bulletin for crack formation DBV (2006). Amomghers, these experimental
data are the basis of the crack width conceptettandard DIN 1045-1. Detailed
comments on this topic are also written in the didl DAfStb 525 (2010). Ac-
cording to the standard the maximal crack widtleoncrete structures is defined
as the 95%-fractile of experimentally measured makicrack width distribu-
tions.

Equations (3) and (6) refer to an entire utilizataf the allowable maximal crack
width and the allowable anchor force, respectiviiyreality, the design of struc-
tural parts and anchors is usually carried out wihsiderably reserves. For this
reason a factor is introduced in the mentioned gagpugto consider the utilization
of structural parts and anchors. The distributidrutdization factorsAw of the
allowable crack width in walls is determined fromack width calculations on the
considered building. The stochastic characteripatib utilization factors of the
allowable anchor force is also estimated from atdeé data of the building. Ac-
cordingly, Equations (3) and (6) are modified bg ttonsideration of utilization
factors as follows:

Mn,W(t)
Mmax,W

WnW(t) = AW Winax (11)
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Table 1: Influencing variables and stochastic ctt@r&ation

Influencing variables Unit Type of Distribution
factor of ground stiffness g [-] normal
factor of wall stiffness Sw [-] lognormal
eigenfrequency of wall component  fyk [Hz] lognormal
maximal crack width Winax [mm] lognormal
utilization factor of walls v [-] lognormal
utilization factor of anchors Ar [-] lognormal
fraction of anchor load caused by
earthquake excitation Qu [-] normal
compressive strength of concrete  f. | not varied in the exampl&: = 38 N/mm?
number of anchors per anchor platg,..or | Not considered in the exampi@ncnor= 1

NnW(t) + (I_QW) : Nmax,W

Fn,W(t)zAFFp N W
max,

(12)

Table 1 contains an overview of all influencing ightes in the probabilistic
analysis and the defined distribution types. Unbilv, the present example does
not include the variation of concrete strength grmnumber of anchors per anc-
hor plate. Their stochastic parameterization ispdal in prospective simulations.

A first stochastic simulation is performed to inthgate the influence of input

variables on the output quantity, which is the amahisplacement in walls. There-
fore, a sensitivity analysis with 100 samples isfqrened using the software

optiSLang (2011). The samples are generated acgptdithe Latin Hypercube

Method as explained in Section 3.3. On the one libadsensitivity analysis is

aimed at the understanding and control of the caatjpmal model. On the other

hand a reasonable interpretation of the sensitiaitglysis helps to reduce the
number of stochastic input variables to a limited af relevant influencing va-

riables, which are stochastically described in bBssguent reliability analysis.

Defining only the relevant influencing variablessdschastic variables leads to a
reduced number of required samples in a reliabdimalysis to gain acceptable
quality of probabilistic results.

Figure 6 shows the findings of the sensitivity gss in optiSLang. Based on the
“Coefficient of Importance” only 38 % of the vai@h in the output quantity is
explainable by variations in the input variabletieTiow value attributes to the
high level of nonlinearities in the computationabael. An improved interpreta-
tion of the sensitivity analysis is possible byraglucing a “Moving Least
Squares” approximation of the response surfaceh Wi#t and on the basis of a
metamodel the sensitivity of simulated anchor @ispients is estimable by the
“Coefficient of Prognosis”. By doing so, 93 % oetkariation in the output quan-
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tity is explainable. As a result of the sensitivatiyalysis the following influencing
variables are found to be of high importance camogranchor displacements in
walls:

- Utilization factor of walls:Aw

- Maximal crack width in fully utilized wallSnmax

- Utilization factor of anchors in wallgse

- Eigenfrequency of components attached to whiis:

- Fraction of earthquake based anchor load on th&l #@oichor load in
walls: Qy.

The anchor type is not relevant in the event ofi@tt considered undercut anc-

hors. The reason is that the anchor type dependatyematical ternﬁ:-Fn(t,-)ﬂ
in Equation (7) leads to similar results for alhs@ered undercut anchors.

Those influencing variables, which define the crag#ith in anchor holes, have
the most relevant influence on the simulated andmspiacements. Namely, these
influencing parameters are the maximal crack widthully utilized walls and
their utilization factor. These two variables mgiaffect the crack width, (z,) in
Equation (7).

Coefficient of Importance (linear) Coefficients of Prognosis (using MoP)
full model: R2 = 38 % full model: CoP = 93 %
T T T T T T T T
INPUT: |
@© 0 %g n INPUT: Omega_W
14 %
INPUT: Duebeltyp
0% W
3 INPUT: f_WK
Em INPUT[.) E/;W a_)wr ‘ 31%
@ @ ;7
£ INPUT: Omega_W E =
= 2% S INPUT: w_max
Qwr s 'it & 38 %
- -
o i 2
Z z
— o~
(o]
- INPUT: A_W
50 %
0 2 4 6 8 10 12 14 0 10 20 30 40 50
Col [%] of OUTPUT: D_W CoP [%] of OUTPUT: D_W

Figure 6: Evaluation of the importance of influengivariables.
Left: based on simulated displacements using tleefficient of Importance”.
Right: based on approximated metamodel using tloeffi€¢ient of Prognosis”.

Weimarer Optimierungs- und Stochastikt&@— 24./25. November 2011 14



4.4  Probabilistic evaluation of anchor displacements

The evaluation of anchor displacements in wallshef exemplary investigated
building is carried out on the basis of stochasimulations with 10'000 samples
using the software optiSLang (2011). The distributof simulated anchor dis-
placements is illustrated in the histogram of Fegir The mean value of all
computed anchor displacements is 0.07 mm. The astimof exceeding proba-
bilities can be performed using an approximated BiMeidistribution function,
which is fitted to the discrete simulation results.

The simulated anchor displacements under earthgeeadieation have to be added
to a displacement caused by initial slip. The r&sglanchor displacements have
to be limited to 3 mm for German nuclear power {daBased on experimental
data the initial slip is appreciated to a valu®gft 1.0 — 1.5 mm. Considering the
range of initial slip the limit value of the simtéa anchor displacement under
earthquake excitation reduces®-= 1.5 — 2.0 mm. The appropriate exceeding
limits are determined based on the simulated disaisplacements as well as the
fitted Weibull distribution function. In the exangplboth proceedings lead to
similar results. Considering the occurrence prdiglnf the design earthquake,
which is for German nuclear power plants®18', the probability of undercut
anchor displacements, which exceeds the explaimaidringeG, is very low.
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Figure 7: Histogram and fitted probability distrilain function (PDF) of simu-
lated anchor displacements in walkj. The limit value is 1.5 mm.
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5 Conclusons and Outlook

The probabilistic concept offers a possibility teakiate expected anchor dis-
placements under earthquake excitation by the itefinof realistic boundary
conditions. For that reason this concept is a psomialternative to the conserva-
tive determination of anchor displacements accgrtinthe deterministic concept
of the DIBt-guideline (2010).

On the example of a typical stiff building of a tear power plant it has been
shown, that the expected anchor displacementsnalladue to the design earth-
guake are very small. First stochastic simulatiakl anchor displacements with
a mean value of 0.07 mm caused by earthquake ganitadded to the initial slip
of about 1 mm. Consequently, the exceeding probalddr a limit value of

3 mm including the initial slip is marginal. Theggented results have to be consi-
dered as first estimations, since they are caledldty the application of a
simplified building model. Thus, the results hawebe verified by further simula-
tions.

In prospective probabilistic analyses, the stoehastriables, which were present-
ly parameterized by experience, have to be quadtifimore precisely.
Furthermore, it is planned to consider variationghe concrete strength as well as
the effect of force distribution in anchor platesncerning their influence on
anchor displacements under earthquake excitation.
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