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1 ABSTRACT

Most nuclear power plant (NPP) buildings are box-type structures consisting of several
interconnected shear walls. It is common to use refined finite element models involving shell and
plate elements for the structural analysis of this type of structures. Results from these analyses, in
the form of element forces and moments are used by the structural engineer during the design
process. In the United States such design is typically conducted according to the requirements of
ACI-349 provisions. The ACI design equations for walls do not address directly the interaction of
in-plane and out-of-plane forces/moments; the assumption being that the two sets of demands are
likely out of phase for seismic excitation. Results from 3D seismic analyses however often show
that a wall may be subject to significant in-plane and out-of-plane demands simultaneously. In the
absence of clear rules, the designer is however left to perform independent code checks for the in-
plane and out-of-plane demands, which disregards the effect of their interaction on the wall
capacity. In this paper, the procedures used to conduct such code checks are discussed from a
critical point of view; the correlation among in-plane and out-of-plane demands is calculated for a
typical NPP building; and a procedure based on the modified compression field theory is
recommended and used to account for the interaction of these demands.

2 INTRODUCTION

In current practice, there has been a greater tendency and emphasis to use refined analytical models
to perform the seismic analysis of nuclear power plant structures. This is in stark contrast with past
practices when an entire building was analysed using a simple lumped mass stick model involving,
at best, a few tens of nodes representing the superstructure. Whereas all structural walls are lumped
into a single stick in the lumped mass stick model, the same are modelled using plate or shell
elements in the refined model. Also, instead of a lumped mass characterization of each floor,
refined models involve many plate elements to capture its mass distribution and in-plane/out-of-
plane flexibilities. Such refined models facilitate more precise calculation of the seismic response
of the structure and enable use of a single 3-D model for seismic response computation for all three
directions. As such, there is reduced focus on justifying the appropriateness of the refined model
unlike in the case of lumped mass stick models. There are many more reasons for the increased
trend toward using more refined models: increased focus on in-structure-response spectra (ISRS)
generation at flexible locations within walls/floors, need to more accurately capture the structural
response (and the ISRS) in light of the increased high frequency content in the design response
spectra for rock sites in central and eastern US (see recent NRC Interim Staff Guidance from May
2008), and desire to use the same or similarly refined models for static and seismic analyses in
order to facilitate the downstream structural design and evaluation process. With regard to the last
point, the availability of seismic (and static) analysis results on a highly discretized basis also poses
a challenge in terms of carrying out the design process, especially in terms of the ACI 349 code
practice.



In the past, the use of lumped mass stick models meant that the seismic force resultants were not
available for individual walls, let alone on a discretized basis. Furthermore, since separate analysis
models were used for the two horizontal directions and due to the representation of many parallel
walls using a single linear element (i.e., a stick), out-of-plane resultants were not available for any
wall. As such, the in-plane seismic response of individual walls was obtained by divvying up the
demand in a single stick into demands for each wall considering its relative stiffness. The out-of-
plane response was calculated individually for each wall using sub-system approach (i.e.,
component amplification based on floor response spectra) or using lollypops tuned to fundamental
frequencies of various wall panels. The possible phasing of the in-plane and out-of-plane resultants
was not considered and walls were subsequently evaluated separately for these two types of
demands. In the authors’ opinion, the design treatment in ACI 349 Chapter 21 is consistent with
the older seismic analysis practices. The advent of more refined seismic analysis models causes the
following dilemmas in terms of ACI 349 implementation and general processing of the vast volume
of the analysis results:

e Should the whole wall be considered as a single entity or is an element-by-element
evaluation necessary?

* How to address the interaction due to simultaneous in-plane and out-of-plane demands due
to static and seismic loads? The ACI 349 code is silent about this, perhaps using an unstated
premise that the two types of demands are generally out of phase with each other as far as
seismic loading is concern. In any case, there is always a possibility that some out-of-plane
demand is driven by non-seismic loads (e.g., soil or hydrostatic pressure).

* What is the ACI 349 acceptance basis for the spread of plasticity over the expanse of
individual wall panels? for in-plane resultants, ACI 349 treats the whole wall as a single
structural element and provides empirical rules for its capacity. The same is not clear about
out-of-plane acceptance criteria. The ACI 349 defers the out-of-plane requirements to
Chapter 10, which is meant for line type elements (i.e., beams and beam-columns). This
requires defining an effective element width for out-of-plane evaluation.

 What section cut length or element size is appropriate for in-plane and out-of-plane
evaluations if discretized results are available? Is it acceptable to simply implement holistic
code checks (e.g., in-plane check for an entire wall panel) and implement some sort of an
element-by-element evaluation for out-of-plane demands? If so, using what effective
elements width? Also, how should the interaction between the two types of demands be
accounted for?

This paper critically looks at the various ACI 349 code checks and the current practice in the
nuclear industry. It also discusses implementation using a more rigorous technique based on the
modified compression field theory (MCFT), Vecchio and Collins (1986). Recommendations are
presented to help process the results obtained from refined analytical models.

3 ANALYSIS AND DESIGN METHODOLOGY

This section presents a summary of the different methods used in the nuclear industry for the analysis and
design of shear walls for seismic category | structures outside the containment building. Emphasis is made in
the steps required for using results from refined analytical models to perform the design checks required by
ACI-349 provisions. As a complement to current procedures, design checks based on the MCFT are
proposed in order to account for the interaction of in-plane and out-of-plane actions.

3.1  Analysis methods
Seismic SSI analyses are required for the design of safety-related, seismic category | structures. These SSI

analyses are regularly conducted using specialized computer codes such as SASSI2000, while standard
structural codes such as GTSTRUDL, SAP2000 or ANSYS are used for the static load analyses. As a



consequence, two set of independent results - seismic and static - must be used and combined during the
design of seismic category | structures. These results can be combined using one of the following methods.

Method A: In this method, static equivalent seismic loads are used for the design of the structure. Such
equivalent loads are obtained using average peak structural accelerations from the seismic SSI analyses.
The design forces are obtained from the static model with equivalent seismic loads combined using the
100:40:40. In this method a coarser FE model of the structure can be used for the SSI analysis.

Method B: This method involves combination of absolute peak element forces and moments from the
SSI analysis with those from the static analysis. Peak element forces due to the safe shutdown earthquake
(SSE) are combined using the 100:40:40 rule. The same FE model must be used for the SSI and static
analyses of the structure.

Method C: In this procedure, time histories of element forces and moments from the SSI analysis are
combined with results from the static analysis. Result time histories of element forces and moments due
to SSEs acting in the principal building directions are combined directly since they are uncorrelated.
Similar to method B, the same FE model must be used for the SSI and static analyses of the structure.

Among the above procedures, Method A is considered the most conservative and typically
yields in high reinforcement ratios. On the other hand, Method C is the most refined but is
computationally intensive. Method B represents and intermediate compromise.

Independently of the analysis method, full sectional resultants are required for the design of
shear walls according to ACI-349 code. Nevertheless such resultants are not readily available from
the finite element models typically used for NPP structures. Finite element results are obtained in
the form of membrane and plate resultants per unit length (i.e. Sy, Syy, Sxy, Mxx, Myy, Myy, V., and
Vy; see Figure 1). Full sectional resultants must be calculated by numerical integration of the
membrane forces at the element centroid as shown in figure 2 for a typical wall section.
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Figure 1. Calculation of sectional resultants for a horizontal section cut in a typical shear wall

For this study, Excel spreadsheets were created using Visual Basic for Applications (VBA)
to handle the data from the SSI analysis, calculate full section cut resultants and perform the
combination of SSI and static analysis results as required per Methods B and C (i.e. at the element
and section cut level).



3.2 Design Methods

Shear walls are typically used as lateral load resisting systems and thus primarily designed for the induced
in-plane shear forces. The current Codes and Standards have clear and specific provisions to address in-
plane shear design of walls. The same is not true when it comes to designing for out-of-plane forces which
may be induced simultaneously with in-plane forces in walls as a result of the 100:40:40 combination rule.
Note also that most Code provisions/equations are either empirical or derived through experiments under a
uniaxial load situation and not consistent with FEM results involving simultaneous in-plane and out-of-plane
forces. This situation leaves ample room for designers to interpret the design of shear walls under combined
in-plane and out-of-plane loading when using FEM results. Currently, it seems that there is no clear or
preferred method to handle this situation of designing shear walls using FEM results with multiaxial loading.
The authors have compiled the following commonly used design methodologies that are currently used in the
industry.

3.2.1  Method 1- Standard approach

The standard method of shear wall design in the commercial/residential building industry using ACI 318 is
to design the wall essentially for in-plane shear and in-plane moment-axial interaction. The out-of-plane
moments being generally small and out-of-phase with in-plane forces do not govern. The designer simply
checks if the reinforcement provided for in-plane shear and section capacity is adequate for out-of-plane
bending. Since ACI 349 essentially follows the same provisions as in ACI 318 but with an additional
requirement to use 100:40:40 combination of loading, the ACI 318 method described above is supplemented
to cover the following:

i. Conduct seismic load combinations per applicable standard.

ii. Design for in-plane shear using full section cuts per Equation 21-7 of ACI 349. Chapter 11 and
equations 11-31 and 11-32 is used for non seismic load combinations.

iii. Design the section for combined in-plane moment and axial force using a P-M interaction.

iv. Design walls for out-of-plane moment and axial force in the horizontal and vertical directions
using local section checks (for example, element size 2h to 4h, where h is wall thickness). The
design moment includes the effect of warping if any using [My+{umxy| and [My|+M,|

v. Add the reinforcement from items iii and iv above to determine the total reinforcement and check
against minimum reinforcement requirements.

3.2.2  Method 2-Element level design

In this method, the in-plane moment axial force interaction design of the wall is not done in the same global
sense as in Method 1. However, local vertical section cuts are used to design individual elements for
combined axial load and out-of-plane bending forces. This method is deemed to be relatively accurate as it
captures the local element forces based on a nonlinear stress and strain distribution along the deep of the wall
(as expected in deep beam type elements). The method involves the following steps:

i. Conduct seismic load combinations per applicable standard.

ii. Design for in-plane shear using full section cuts per ACI-349 using equations 21-7. Chapter 11 and
equations 11-31 and 11-32 will be used for non seismic load combinations.

iii. Conduct local section reinforcement design in horizontal and vertical for Sy-|M|+|My,| and Sy~
|Myy|+|Myy| respectively.

iv. Add the reinforcement from steps ii and iii both in horizontal and vertical direction and check
minimum reinforcement ratio.

3.2.3  Method 3-Element level design accounting for membrane force interaction

This method is more geared towards designing each element based on the various forces acting on it as
predicted by FEM analysis. The in-plane and out-of-plane membrane forces are combined using SRSS
method to determine the design membrane forces. Note, although these principal resultant membrane forces
are actually at an angle, they are combined with out-of-plane moment for design purposes. It can be argued
that with this kind of approach, a global section cut to determine in-plane shear reinforcement per ACI 349 is



not necessary. But this global section is performed in order to ensure that specific shear provisions of the
ACI 349 Code are met. The method involves the following steps.

i. Conduct seismic load combinations per applicable standard.

ii. Conduct local section reinforcement design for out-of-plane moment and axial force interaction in
the horizontal and vertical directions for Py-|My|+|M,,| and Py-|My|+|Myy| respectively; where
Pu= SRSS(SXXnyy)seismic + Systatic and Puy = SRSS(Synyxy)seismic + Syy—static

iii. Check in-plane shear requirement using full section cuts per Eq. 21-7 of ACI-349

iv. Use maximum reinforcement from steps ii and iii and check minimum reinforcement
requirements.

3.3 Shear wall evaluation using the modified compression Field theory (MCFT)

The MCFT can be used to evaluate the response of RC elements under general state of stresses. This theory
was developed from experimental results of a large number of membrane RC elements loaded in pure shear
and in shear combined with axial stress, as presented by Vecchio and Collins (1986),. The MCFT uses
equations based on Mohr circle and strain compatibility to predict the relationship among applied stresses
and resulting strains in membrane type RC elements.

As described in detail by Bentz (2000), the MCFT has been extended and implemented in computer
programs to predict the behaviour of RC elements under general state of stresses. In this study the computer
code SHELL2000, developed by Bentz (2000), is used to predict the response of individual portions of a
shear wall. For this purpose, results are obtained at critical locations of the shear wall, and used to evaluate
its local response under combined state of stresses (i.e. accounting for membrane and out-of-plane load
interactions). For simplicity results at the centroid of critical shell elements are used. For additional details
regarding the MCFT and its application the reader is referred to Bentz (2000).

4 APPLICATION EXAMPLE

Wall D, part of the structure shown in Figure 2, is used here to evaluate the analysis and design
procedures presented in Section 3. The structure in the example problem represents ultimate heat sink
structure for US EPR reactor in the Design Certification application by AREVA NPP and available from the
website of Nuclear Regulatory Commission (NRC) USA.

The structure is reinforced concrete building approximately 164 feet in the longitudinal (X) direction
and 108 feet in the transverse (Z) direction. The overall height of the structure is about 118 feet with almost
22 feet of structure embedded below grade. The thickness of the basemat is 6 feet. The thickness of the
exterior walls is 3’ in the lower region up to 30° above grade and 2’ in the upper region. The structure has
three diaphragms and interconnected shear walls.

The FE model is comprised of approximately 5800 elements and 6000 nodes. The size of a typical
element is 5°x5”. Each element is 4-noded shell element that can capture membrane and plate bending
behaviour. Each node has six degrees of freedom (DOF). The membrane and plate bending results can be
reported at four nodes and centroid.

The seismic soil-structure-interaction analyses are performed for three soil conditions representing
soft, medium and hard sites. The site independent seismic design spectrum is derived from modified
Certified Seismic Design Response Spectrum (CSDRS).
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Figure 2. FE model of the building (looking north-east) and typical concrete shear wall

4.1.1 Comparison of current design methods

In this section, the capacity to demand ratio (CDR) for shear wall D is calculated using different the analysis
and design methods described in Sections 3.1 and 3.3. Table 1 summarizes the case studies used here. Figure
3 shows the wall cross section and required reinforcement for Case 1 . Such reinforcement is expected to be
conservative and is also used for cases 2, 3 and 4 for comparison purposes. The comparisons are conducted

in terms of the minimum CDR defined as shown in Figure 4 (i.e Min(CDRp,CDRW)).
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Figure 3. Wall cross section and definition of capacity to demand ratio (CDR)

Table 1 shows the comparison of the different design procedures described above. As expected,
Method 1 results in the most conservative reinforcement requirements. Case studies 2 and 4 yield seem to
yield similar reinforcement requirements, while case study 3 results in the most economical design. Results
presented in table 1 indicate a wide range of variation for the CDRs indicating room for optimization. In
addition, given the variety of CDR results, it can be argued that there is not a clear way of defining the

margin of safety for shear wall structures when using ACI-349 provisions.

Moment and axial force iteraction




Table 1. Capacity to demand ratios when using different analysis and design methods

Case Reinforcement Analysis Method Desigh Method Minimum CDR

1 Noll1@¥#6” A 2 1.0
2 Nolil@6®” B 2 15
3 Noli@6®” C 2 3.70
4 Noll@ 6" C 3 1.79

4.1.2 Correlation among internal wall forces/moments

Design methods 1 and 2 described in Section 3.3 do not account for the interaction of in-plane shear forces
and out-of-plane moments. The implicit assumption is that the peaks of these demands may not occur
simultaneously. The aim of this section is to investigate the validity of such an assumption at the
element/local and section cut/global levels. For this purpose the correlation among the time histories of the
different internal forces are calculated as described next. Two of these time histories are shown in Figure 5
for illustration purposes. In this case, it can be graphically seen that the seismic out-of-plane moment and
axial force are uncorrelated. In fact the coefficient of correlation for this particular time history responses is
0.09.
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Figure 4. Time histories of internal axial force (P,) and out-of-plane moment (Mop)

The correlation coefficient (Pearson correlation, pyy) cannot replace the individual examination of
the data; therefore it is always required to plot against each other the two data sets under study. Here as a
guideline the level of correlation is classified as follows: Low (0.1 to 0.3) medium (0.3 to 0.5) high (0.5 to
1.0). A low correlation coefficient is indicative that large values of various demands are unlikely to occur
simultaneously.

Tables 2 and 3 show the coefficient of correlation among the internal forces and moments acting in
Wall D shown in Figure 3. As can be seen, for this particular wall, the correlation among different structural
responses is dependent upon the full section cut location and the nature of the check local or global. Results
shown in Table 3 indicate that, at the element level, there is high correlation among the in-plane shear (Syy)
and membrane tension (S« and Syy), as implied by method 3, described in Section 3.3. Similarly high degree
of correlation is obtained among all the moment resultants. On the other hand the correlation among seismic
membrane forces and plate forces (shears and moments) is low. This seems to justify and independent design
for this demands, as done in method 1 described in Section 3.3



Table 2. Pearson’s correlation coefficients among the time histories of sectional resultant for the two full

section cuts shown for wall D in Figure 3.

Table 3. Pearson’s correlation coefficients among the time histories and moments for the critical elements of

Statistic Mp-Vie | MigPu | PuiMop | Pu-Vip | Mop-Vep
pxy (Cut-1, soft soil) 0.949 0.048 0.164 0.065 0.896
pxy (Cut-1, medium soil) 0.971 0.071 0.089 0.082 0.938
Pxy (Cut-1, hard soil) 0.981 0.020 0.249 0.001 0.938
pxy (Cut-2, soft soil) 0.954 0.365 0.078 0.303 0.927
pxy (Cut-2, medium soil) 0.973 0.394 0.019 0.340 0.950
Pxy (Cut-2, hard soil) 0.983 0.363 0.077 0.337 0.921
Average 0.969 0.210 0.113 0.188 0.928
cov 1.44% | 85.85% | 72.07% | 82.36% 2.02%

wall D shown in Figure 3.

H Mxx' Myy-

Statistic Sxx-Syy | SucSxy | SywSxy | Mxx-Sxx | Myy-Syy My My Vis-Sxy | Viyy-Sxy
Max pyy

(Soft sail) 0.970 | 0.994 | 0.922 | 0.110| 0.168 | 0.971 | 0.975| 0.077 | 0.110
Min pyy

(Soft sail) 0.175| 0.018 | 0.081 | 0.003 | 0.004 | 0.016 | 0.028 | 0.002 | 0.002
Max pyy

(Medium

soil) 0.979 | 0.987 | 0.947 | 0.163 | 0.164 | 0.985 | 0.972 | 0.149 | 0.195
Min pyy

(Medium

soil) 0.016 | 0.019 | 0.098 | 0.002 | 0.001 | 0.128 | 0.212 | 0.000 | 0.026
Max pyy

(Hard soil) 0.992 | 0.998 | 0.968 | 0.116 | 0.246 | 0.986 | 0.962 | 0.104 | 0.147
Min pyy

(Hard soil) 0.102 | 0.054 | 0.045 | 0.014 | 0.006 | 0.015| 0.219 | 0.001 | 0.004
Average 0.798 | 0.994 | 0.922 | 0.110 | 0.168 | 0.971 | 0.975| 0.077 | 0.110
cov 29% 36% | 41% 89% | 69% 32% 21% | 116% | 82%
4.1.3 Design check using the modified compression field theory

The computer code SHELL2000, Bentz (2000), is used to evaluate the nonlinear response of the wall, at the
element level. For this purpose the most critical combination of membrane and plate forces are used as
shown in Figure 6. For illustration purposes, it is assumed that the state of stresses (a) and (c) occur
simultaneously. Under these very conservative assumptions, the local response is as shown in Figure 7. The
first row of this figure shows the cracking pattern and the reinforcement stresses at the crack location. Rows
2 and 3 depict the membrane and out-of-plane responses respectively. As can be seen local capacity is higher
that the demand, even under this conservative assumption.
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Figure 5. Pearson’s correlation coefficients among the time histories and moments for the critical elements
of wall D shown in Figure 3.
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Figure 7. Predicted behaviour under simultaneous action of membrane forces (a) and plate
moments (C).

The results shown in this section indicate that the design procedures presented in Section 3.3
are in general conservative. The MCFT can be used to better predict the behaviour and capacity of
elements under general state of stresses. This theory can be also used to verify the assumptions of
cracked/uncracked sections required for the analysis of NPP structures.

5 CONCLUSION

This paper critically looks at the various ACI 349 code checks and the current practice in the nuclear
industry. It also discusses the implementation of a more rigorous evaluation technique based on the modified
compression field theory (MCFT). Conclusions and recommendations derived from this study are as follows:



The ACI 349 leaves ample room for designers to interpret the design of shear walls under combined
in-plane and out-of-plane loading when using FEM results. Currently, it seems that there is no clear or
preferred design procedure for this situation of designing shear walls using FEM results with multiaxial
loading.

The coefficient of correlation can be used to determine if the interaction of in-plane and out-of-plane
forces needs be accounted for. Results presented in this study indicate that the correlation among membrane
and plate demands is low at the local level.

The MCFT can be used to better predict the behaviour and capacity of elements under general state
of stresses. This theory can be also used to verify the assumptions of cracked/uncracked sections required for
the analysis of NPP structures.
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