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ABSTRACT

Modern design codes for conventional buildings introduce displacement based methods in earthquake analysis
as an alternative to the traditional force based design. For new reinforced concrete buildings the so-called “capacity de-
sign” controls the plastic hinges and the failure mechanism. For existing buildings the displacement based analysis also
called “pushover analysis” allows to evaluate the structural behaviour above the yield limits. These tools support the
best-estimate assessment of the seismic response and therefore help to reduce unnecessary conservatism.

The designers and reviewers of nuclear power plant buildings have been reluctant so far to introduce displace-
ment based methods, mainly because the design specifications require that the structures remain within their elastic limits
for design load combinations. Plastic and permanent displacements are in most cases not tolerated. However, for future
evaluations of existing buildings, the displacement based method is considered to provide a tool for more realistic as-
sessments, namely in cases where the failure mechanism is of interest and where it can be defined and controlled in a
plausible manner. Typical potential applications are expected to be

- the assessment of realistic safety margins,

- the impact assessment of increased seismic input or

- the fragility analysis for reinforced concrete buildings.

This paper demonstrates the practical application of the displacement based analysis with a case study: A se-
lected auxiliary building of a nuclear power plant (NPP) in Switzerland is investigated. The yield limits of the reinforced
concrete walls and the horizontal displacements above the elastic range are quantified up to the ultimate state of struc-
tural failure. As a result of this innovative analysis the safety margin - so called compliance factor - related to failure is
estimated.

As an additional benefit, the results can be used for alternative fragility assessments within the probabilistic
safety assessment PSA or for the evaluation of increased seismic input spectra from updated seismic hazard assessments.

USE OF DISPLACEMENT BASED METHODS IN EARTHQUAKE ANALYSIS

The displacement based methods are described in [1] to [7]. The methods can be used for earthquake design and
assessment of reinforced concrete structures (RC-structures) when the following conditions apply:

- symmetrical lateral-force-resisting system in both plan dimensions (centre of stiffness C.R., centre of strength

C.V., centre of mass C.M.)

- compact plan configurations

- horizontal structural system that serves to interconnect the building (diaphragm)

- ductile behaviour of the structure and no brittle failure mechanisms

When the former three conditions hold true it is possible to use a two-dimensional structural model for each of
the two main directions of the building. In this case the effects of torsion can be neglected. Only if the last of the former
conditions applies, the building and its structural components will show the favoured ductile behaviour. The displace-
ment based methods must not be used on brittle structural components and connections. Hence, the principles of capacity
design should be taken into account.

However, in many cases it is not possible to fulfil all the conditions. The displacement based methods can be
used even though a few of these conditions do not apply. In this case, it is necessary that the condition that is not fulfilled
is considered during the design or assessment as far as structural behaviour will be affected.

ANALYSED STRUCTURE

The analysed structure, the extension of the turbine house of a Swiss NPP meets the abovementioned conditions
for earthquake loads in transverse direction quiet well. However due to the design of the reinforcement and the lack of
structural design according to the principles of capacity design the building has only a limited ductility. This has to be
taken into account when displacement based methods are used for the analysis.

The structure is constructed in reinforcement concrete. It is a narrow building with a rectangular plan, compris-
ing four upper floors, a ground floor and a basement level. The plan area is 9.4 x 49.6 m (cf. Fig. 1). The height above
ground is 19.8 m (cf. Fig. 2). RC-walls located in axes 1, 3, 5, 6 and 10 act as stiffening components in transverse direc-
tion. The building is secured against overturning in transverse direction by means of 107 pre-stressed rock anchors,
which are footed in the molasse rock.
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Fig. 1 Simplified plan view (ground floor) of the extension of the turbine house
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Fig. 2 Simplified cross section of the extension of the turbine house
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DISPLACEMENT BASED EARTHQUAKE ANALYSIS ACCORDING TO THE SWISS TECHNICAL BUL-
LETIN SIA 2018

Earthquake load

The earthquake load on the structure at the level of the bottom slab is described by the elastic spectrum with 5 %
damping in the ADRS format (Acceleration-Displacement-Response-Spectrum) (cf. Fig. 3). The so called HSK-
Spectrum [8] is the safe shutdown earthquake (SSE). It serves as the design spectrum of the building with horizontal peak
ground acceleration (pga) of 0.18 g. The latest PEGASOS-Spectra [9] are specified in Fig. 3 for an annual frequency of
10 and 10°°. Additionally there is a difference between the statistical curves median and mean.

The inelastic spectra are generated from the elastic spectra according to the Newmark-Method (cf. [3]). The
newly formed spectra are the so called “capacity spectra” (cf. Fig. 7).
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Fig. 3 Elastic spectra with 5 % damping in the ADRS-Format (PEGASOS 1 = 10*, PEGASOS 2 = 107)

Moment-curvature relationships of the plastic zones

The extension of the turbine house in transverse direction is first analysed using a multi-degree-of-freedom
(MDOF) system. Following this the equivalent single-degree-of-freedom (SDOF) system is determined (cf. Fig. 4). The
basement level and the foundation as well as the pre-stressed rock anchors are over-designed by a factor of about 2.6
regarding bending moment and shear force resistance. Therefore the plastic zone will form at the ground floor and the
first upper floor while the basement level and the foundation will remain elastic. This is the reason why the structural
model and the displacement based analysis are conducted ignoring the basement level. The flexibility of the restraint as a
result of the soil and the rock anchors is considered using a rotational spring.
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Fig. 4 Modelling, MDOF and equivalent SDOF

Doors and block outs for service ducts in walls are either accounted for according to size, quantity and location
or they are neglected (cf. Fig. 5). The participation of the outer longitudinal walls (axis A und B) due to the flange effect
can be ignored for two reasons: First, because of the mentioned openings in the walls and second, because of the concen-
trated bending reinforcement at the intersection between longitudinal and transverse walls. The cross sections of the
strong reinforcement bars at the end of the walls are summarized into one single bar equivalent to the sum of the individ-
ual bars for reason of simplification in order to simplify the input into the program FAGUS (cf. Fig. 5).
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Fig. 5 View of the walls and considered cross sections including bending reinforcement in the plastic zone

The stiffness EI of the MDOF system is formed as sum of the individual stiffness of the cross sections of the in-
dividual walls (plastic zone). These are determined using bilinear moment-curvature relationships of the plastic zones,
which are calculated according to the Swiss technical bulletin SIA 2018 using the program FAGUS with characteristic
material strengths (5 %-fractiles). Due to the limited ductility of the walls, the ultimate strain is restricted to + 25 %o for
the reinforcement bars and to - 4 %o for the concrete. Thus the consequences of the non-ductile design of the reinforce-
ment, such as overlapping reinforcement in plastic zones and no special reinforcement stirrups, are considered. To ac-
count for the larger stiffness of the walls outside the plastic zone the calculated stiffness is increased by 10 %.
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Fig. 6 Pushover curves showing the horizontal displacement A at the top edge of the building;
EB: Entire building; Bilinear approximation: Approximation to the curve of the EB with rotational spring
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Pushover curves

When the displacement based method is used the structural resistance of the building is described by means of
pushover curves. These show the displacement behaviour of the building or its structural components when the horizontal
loads increase. From the calculated moment-curvature relationships the resulting pushover curves for the individual walls
and for the entire building with and without the rotational spring can be deduced (cf. Fig. 6).

The first eigenfrequency of the building can be obtained from the structural stiffness of the building just when
reinforcement in the plastic zone starts to yield. The thus determined frequency is of the order of 1.68 Hz in transverse
direction. The fraction of horizontal displacement of the building due to the flexibility of the restraint as a result of the
soil and the rock anchors is only about 19 % (cf. Fig. 6). The major contributing factor to horizontal displacements is
caused by the reduced stiffness of the bearing walls. The reduction is caused by concrete cracking and plastic deforma-
tion of the reinforcement. If the foundation of the building would form an ideal rigid restraint the first eigenfrequency
would be of the order of 1.96 Hz.

Due to the almost equal length of the transverse walls, these starts to yield almost simultaneously and also show
about the same ductility demand. The displacement ductility u, of the walls is about 3 to 3.5. This can be put down di-
rectly to the applied limitation of the ultimate strain of the concrete and the reinforcement.

Verification of displacement capacity and shear force as well as estimated damage

The graphical verifications of displacement capacity for different earthquake loads are shown in Fig. 7. The dis-
placement demands due to earthquake loads are compared to the displacement capacity of the building. The displacement
demands are taken at the point where the spectrum meets the capacity curve of the equivalent SDOF system when both
curves have the same displacement ductility p,. The building is able to take the earthquake induced displacement when
there is an intersection between the pushover curve and the inelastic spectra. In order to account for uncertainties in mod-
elling and analysis a factor of safety yp of about 1.3 is introduced in accordance with [2], reducing thus the displacement
capacity of the building. The results of the analysis are summarised in Table 3.
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Fig. 7 Graphical verification of displacement capacity for different earthquake loads

The shear resistance to shear load ratios, also called the compliance factor for shear load ot snear, fOr different
load cases applied to the ground floor are shown in Table 1. The shear force analysis is conducted in accordance with
[10]. Thereby the shear force is increased by 1.4 to account for the higher mode shapes. The characteristic material
strengths are used for the shear force analysis to avoid brittle shear failure before plastic hinges form in the walls. This
way over-strength regarding bending moment resistance of the walls is taken into account.
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Table 1 Compliance factors for shear load o snear fOr different earthquake loads applied to the ground floor

Earthquake load Walls

Axis 1 Axis 3 Axis 5 Axis 6 Axis 10
HSK SSE 1.46 1.66 221 1.66 1.07
PEGASOS 10-4 mean 1.36 1.33 1.38 1.12 0.94
PEGASOS 10-5 median 1.29 1.27 1.32 1.05 0.91
PEGASOS 10-5 mean 1.17 1.15 1.20 0.96 0.86

When pushover curves are used it is possible to assess the damage potential of the earthquake load. This is be-
cause the pushover curves are formed out of moment-curvature relationships of individual structural components and
these, in turn, are obtained from strains in concrete and reinforcement (cf. [7]). Damage to RC-components as well as
failure of them due to earthquake loading is a direct result of strains in concrete and reinforcement.

COMPARISON WITH THE RESULTS OF THE DESIGN ANALYSIS

The design analysis of the extension of the turbine house was carried out using a MDOF model and the response
spectrum analysis. The relevant parameters used for both analyses are given in Table 2. The stiffness is different for the
two analyses. This can be explained by the elastic behaviour of the walls (uncracked stage, Young’s modulus of 33
GNm?) and the structural performance of the outer longitudinal walls. In contrast to the displacement based analysis the
outer longitudinal walls were regarded as fully flanged components in the design analysis. This difference compared to
the displacement based analysis also shows when the first eigenfrequency is regarded.

In the design analysis a construction factor (reduction factor) Cy of 0.38 according to [11] was used to reduce the
elastic load on ground and upper floors. This explains why the higher loads can be transferred by the reinforcement com-
pared to the results of the displacement based analysis. However, latest experiences suggest that such a construction fac-
tor should not be used, as it is doubtful whether the structural components reach the plastic stage under the earthquake
loading. This doubt is confirmed by the results of the displacement based analysis which shows, that there occurs a fre-
quency shift when the RC-components are cracking. Therewith the actual load on the RC-components is reduced so that
the plastic stage cannot be reached.

Table 2 Comparison of the results between design analysis and displacement based analysis

AnaIySiS kXX El Cstructure fl g Fq My Ag
(Load HSK SSE) .

[GNm/rad] [GNm?] [%] [Hz] [o] [MN] [MNm] [cm]
Design analysis 1166 18’800 7 3.1 0.53 19.8 282 2
Displacement based analysis 315 601 5 1.7 0.34 11.0 169 4

k. stiffness for rotational spring; El: stiffness of the MDOF system; Cgcture: damping for structure; fy: first ei-
genfrequency; aq4: spectral acceleration at f;; Fy: equivalent/shear force at ground floor; My: bending moment at ground
floor; A4: horizontal displacement at the upper edge of the building

APPROXIMATION OF FRAGILITY CURVES

Fragility curves of structural components show the relationship between the probability of failure and the load
acting on the components. The fragility curves are obtained by a variation of the peak ground acceleration pga acting on
the structure (single parameter study).

In general the displacement based methods are well suited for the approximation of seismic fragility curves as
possible/expected damages can be readily obtained. However, it is still subject to scientific debate which principles
should be used to obtain the fragility curves.

The fragility curve of the extension of the turbine house, for example, is approximated using the displacement
based analysis (best estimate, cf. Fig. 8). The relevant peak ground acceleration pga in relation to the form of the HSK-
Spectrum is given.
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Fig. 8 Approximated seismic fragility curve of the extension of the turbine house
without considering the wall of axis 10

SUMMARY OF THE RESULTS

A summary of the relevant parameters and of the expected damages under the different earthquake loads is
given in Table 3. The comparison with shear force is given in Table 1. The results show that the building is earthquake-
proof with respect to the design earthquake. The structural analysis suggests that the relevant failure mode will be a duc-
tile failure between the earthquake loads PEGASOS 10-5 median and PEGASOS 10-5 mean, which are much higher than
the design earthquake. Under earthquake loads higher than the design earthquake the wall in axis 10 could show a brittle
shear failure in contrast to the ductile failure of the other walls. However, it is important to note that the displacement
based analysis comprises many simplifications and assumptions, which, in summary, can be considered conservative.

Table 3 Comparison of the relevant parameters under the different earthquake loads

Earthquake load Had Ag Odmax  Oleff,pending Possible/expected damages
[-1 [cm] [%] [-1 for the bearing walls within the plastic zone
HSK SSE 0.8 4 0.3 24 Minimal; thin hairline cracks which will be
PEGASOS 10-4 mean 09 5 03 20 nearly invisible upon unloading
PEGASOS 10-5 median 14 7 05 14 Middle; residual cracks likely to remain large
(greater than 0.8 mm wide)
Large; spalling of concrete cover, decrease of
PEGASOS 10-5 mean 3.2 14 0.9 0.7 flexural capacity due to longitudinal bar buck-
ling and fracture, loss of load transfer at splices

pa g ductility of the system according to the walls; Ag: horizontal displacement at the top edge of the building;
Sgmax: Max. inter storey drift ration (generally at the top floor); ot pending: COMpliance factor of displacement capacity

CONCLUSIONS

The displacement based method is suitable for buildings that fulfil most of the following requirements:

- symmetrical lateral-force-resisting system in both plan dimensions

- compact plan configurations

- horizontal structural system that serves to interconnect the building (diaphragm)

- ductile behaviour of the structure and no brittle failure mechanisms

It is paramount for the application of the displacement based method that the structure behaves in a ductile fash-
ion when it is subject to earthquake loading. It must not fail in a brittle mode. This can only be achieved when the build-
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ing contains no compact rectangular walls with a long base as this type of wall will show brittle shear failure. If not all of
the above requirements apply to the analysed structure, it is still possible to use the method. However, one has to ap-
proximate the effects of these missing parameters in the subsequent displacement based analysis.

Should most of the requirements be applicable, the displacement based method is most suitable to show the
structural behaviour under earthquake load, in particular, of the deformation behaviour. This can be explained by the fact
that more realistic values are used for the overall building stiffness and for the stiffness of individual structural compo-
nents. It is thus possible to use the method as a design and assessment tool to detect weaknesses or hidden strengths in
existing structures or to design new structures saver and more economic than with other methods.

Considering the building stock of Swiss NPP’s, the assumption can be made, that rather few buildings would be
appropriate for displacement based methods. Numerous buildings are design comprising numerous large and compact
RC-walls due to other reasons than earthquake safety (radiation protection, impact protection, building cladding, etc.).
These buildings will mostly remain in the elastic stage and will show a shear force dominated behaviour respectively.

In the future the displacement based method, which is currently restricted to application on conventional build-
ings, could also be applied for the earthquake design of buildings of nuclear power plants in Switzerland. Further, it is
already foreseeable that methods will be developed to use the results of the displacement based method to develop seis-
mic fragility curves of structural components and buildings.
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