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ABSTRACT

This paper presents an update on Chapter 21 of the revised ACI 349-12 code that was approved
by the ACI 349 committee and went out for public comments late last year. The revised ACI 349 code is
“dependent” on ACI 318-08 code; thus, only the differences from ACI 318-08 are highlighted. However,
this approach was problematic for Chapter 21, “Provisions for Seismic Design” and, consequently, it was
made totally independent of ACI 318-08. Chapter 21 was extensively revised to make the code less
demanding and yet maintain the seismic criteria - essentially elastic behavior under the design basis
earthquake (DBE) shaking. For beyond design basis earthquake (BDBE) shaking, inelastic response is
permitted but maintenance of functionality is intended.

The paper summarizes the revisions made to Chapter 21 of ACI 349-12 since its initial addition to
the code. Specific goals for the performance of safety-related reinforced concrete structures designed to
the revised code requirements are reviewed. Differences between Chapter 21 provisions of ACI 318-08
and ACI 349-12 codes are described. The most important changes in ACI 349-12, relative to ACI 349-06,
and reasons for these changes, are discussed. Only the significant changes that make the code less onerous
are addressed. Furthermore, areas in the code that require additional review and possible revisions are
identified. It is expected that further changes will be made in future revisions as new research data
become available.

ACI 349-12 is expected to be available in 2013.

HISTORY OF ACI 349 AND CHAPTER 21

Nuclear safety-related concrete structures, including nuclear power plants and US Department of
Energy facilities, are normally designed in accordance with the requirements of ACI Standard 349, “Code
Requirements for Nuclear Safety-Related Concrete Structures.” ACI 349 was first adopted in 1976, based
on ACI 318-71. Chapter 21 was added to ACI 349-97, which was essentially copied from Chapter 21 of
ACI 318-92, with only editorial changes to be consistent with the safety-related concrete design practices
at that time. ACI 318-92 Chapter 21 had full commentary; most of the commentary was simply deleted
and only a one-half page commentary was added to provide minimal guidance to the user.

ACI 349-01, based on ACI 318-95, was essentially same as ACI 349-97. Again, only a half page
commentary was provided.

For the next cycle of the code, ACI 349-06, an effort was made to address the significant
differences in performance objectives between ACI 349 and ACI 318. Although some changes were made
in the code, not all the issues, perceived and/or experienced, were addressed. For the first time, full
commentary was provided for the chapter which was about eleven pages.

The efforts to address the unique aspects of the safety-related concrete structure design were
continued after the issuance of ACI 349-06. An early decision was made by the committee to format the
ACI 349-12 code as a dependent code, meaning that only the differences from the referenced ACI 318-08
code would be highlighted; the provisions that did not differ from ACI 318 would simply be indicated as
“same as ACI 318-08 code.” However, the subcommittee responsible for Chapter 21 concluded that
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formatting Chapter 21 as a dependent code would not be very useful; there were fundamental differences
in design philosophy between the two codes. The main committee considered the conclusions by the
subcommittee and agreed that an independent Chapter 21 would better serve the needs of the industry.
Thus, Chapter 21 is the only chapter that has been developed independent of the ACI 318-08 code. The
number of significant differences between the “parent” and the “dependent” code is still small; most of
the provisions of ACI 349-12, Chapter 21, are the same as those of ACI 318.

It is noted that both ACI 318 and ACI 349 codes provide design and detailing requirements for
reinforced concrete structures. These standards recognize that earthquakes may cause inelastic responses,
thus affecting the behavior of the structures. Both codes provide special detailing provisions to assure that
the structures will meet the intended performance requirements during earthquake shaking. Since the level
of earthquake design forces are greatly different between the two codes, there are differences in the
design philosophy adopted for each code as discussed in the following section.

ACI 318 AND ACI 349 DESIGN PHILOSOPHIES

The differences between the two codes stem from the underlying performance expectations of the
structures in their domain. Seismic loads for ACI 318 structures are based on the codes adopted by the
local authorities such as International Building Code (IBC 2009). On the other hand, seismic loads for
safety-related structures are obtained from DOE and ASCE standards (ASCE 1998, ASCE 2005, ASCE
2010) or Nuclear Regulatory Commission requirements.

Review of the respective design philosophies promulgated by ACI 318 and ACI 349, including
the seismic loads used in design, will be helpful in understanding these differences.

Design philosophy for ACI 318

ACI 318 requires that reinforced concrete structures be designed to assure that “the lateral-force
resisting system retain a substantial portion of its strength into the inelastic range under displacement
reversals,” (ACI 2008). This is necessary as the seismic design forces are less than the forces predicted by
studies and therefore the structures are expected to respond in the inelastic range during a DBE ground
shaking.

The seismic forces for the ACI 318 structures are based on their elastic response to earthquakes.
The elastic forces are reduced as permitted by the building codes using “response modification factors,”
which reflect the earthquake risk level, type of structure, level of intended deformations and, use and
occupancy of the structure. The response modification factors range from 3 to 8, with the higher factors
being applicable to structures that have been shown by tests to provide significant ductility. The design
earthquakes are based on 500 to 1000 year mean return periods.

Consistent with the design philosophy, these structures are expected to maintain their life-safety
function even though they may experience significant permanent deformations during a DBE shaking.
Consequently, Chapter 21 of ACI 318 provides minimum requirements for the lateral-force resisting
systems to maintain a substantial portion of its design strength into the inelastic range.

The prescriptive rules of Chapter 21 of ACI 318 aim to deliver stable inelastic response in DBE
shaking and so emphasize details to achieve differing levels of deformation capacity.

Design philosophy for ACI 349

The performance goal for facilities designed to ACI 349 is to be able to shutdown the facility and
maintain it in safe shutdown condition during a strong ground shaking. Consistent with this goal, the
basic design philosophy requires nearly elastic behavior under the DBE effects, and protection of workers
and public and environment under the BDBE loads.
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Two different approaches have emerged for determination of seismic design forces and the design
of concrete safety-related structures per ACI 349: (1) design for elastic response, and (2) reduce the
elastic response using an “energy dissipation factor,” both under the DBE effects.

In the case of the nuclear power plants, the design basis for safety-related concrete continues to
be the first approach. Standard Review Plan requires elastic design under all load combinations except for
the impulsive and impactive loads for which limited nonlinear behavior is permitted. Safety-related
structures at nuclear power plants are designed for ground motions with a defined Maximum Annual
Probability of Exceedance (MAPE) in the range of 5x10-4 to 5x10-5, although some earlier plants have
been designed for lower return periods.

Structures at DOE facilities are assigned to four performance categories, PC-1 to PC-4. PC-1 and
PC-2 category structures are normally designed using the building codes for conventional structures. PC-
3 and PC-4 facilities are designed as safety-related structures. The DBEs for DOE facilities are generally
based on seismic hazard levels of 5x10-4 to 1x10-4.

The reduced-earthquake-force approach has been in use for the Department of Energy facilities
(DOE 2002).for both design of new, and evaluation of existing reinforced concrete structures. The
standard includes “inelastic energy absorption factors, F,,” for different types of structures and structural
elements. The factors range from 1.5 to 2.75 for concrete structures except that no reduction in elastic
force is permitted for out-of-plane shear design.

Discussion on design philosophies

The difference in desired or expected performance for conventional buildings and nuclear safety-
related structures has created problems in practice since essentially the same details are used. Trying to
achieve a ductile design has proven to be extremely difficult for the heavily reinforced nuclear facilities.

The starting point for this dilemma appears to be adoption of the provisions in Chapter 21 of ACI
318 in total for the detailing of nuclear safety-related structures. As noted earlier, the first two editions of
Chapter 21 of ACI 349 (1997 and 2001) are essentially the same as the ACI 318 codes they are based on
(1992 and 1995), less most of the commentary that provides the background information for the origin of
the requirements in the ACI 318 code. In the later editions of ACI 349, the committee changed some of
the more onerous provisions and added extensive commentary to provide the reasoning for these changes.
However, most of the commentary was simply copied from ACI 318, presumably due to lack of specific
data for application to safety-related structures. Consequently, detailing of the heavily reinforced concrete
safety-related structures was similar to those designed to ACI 318; some of these details create rebar
congestion and constructability issues.

It must be emphasized that the main motivation for raising the detailing issues is to improve the
guality of in-place concrete by reducing or eliminating the constructability issues resulting from the code
requirements.

CHANGES MADE IN ACI 349-06 AND ACI 349-12
Changes made in ACI 349-06

Some changes were made in ACI 349-06 to bring it in line with the accepted design practices for

the nuclear facilities. In the following, the more important changes are summarized.

e The most important change in Chapter 21 of ACI 349-06 was the expanded commentary,
mainly based on ACI 318-05. Some of the ACI 318 commentary was revised to reflect the
actual provisions in ACI 349.

e ACI 349-01 permitted exclusion of members to resist earthquake forces (Section 21.2.2.4),
although these members had to meet stringent detailing requirements (Section 21.7). This
provision was replaced in ACI 349-06 by requiring inclusion of all members that “materially
affect the response of the structure to earthquake motions” in the analysis of the structure.

3
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ACI 349-01 required mechanical splice strength to meet 1.25f, of the bar provided that
splices are staggered. ACI 349-06 requires that these splices meet both 1.25f, and 1.0f, of the
bar in tension.

Section 21.7.6 of ACI 318-05 is based on the assumption that inelastic response of the wall is
dominated by in-plane flexure and yielding of reinforcement is expected under the DBE
shaking, thus requiring special boundary elements. The boundary elements are intended to
preclude buckling of longitudinal reinforcement under compressive stresses. At nuclear
facilities, most walls are squat walls and in-plane flexure effect is secondary in their behavior.
For this reason, a displacement-oriented approach was adopted in ACI 349-06: strains in the
concrete are to be calculated by a cross-section analysis. If the concrete strain exceeds 0.002,
then boundary elements are to be provided. This is a rational approach as concrete crushing
threshold is considered to be 0.004 in/in, thus providing a safety factor of about two against a
DBE event.

Section 21.7.6 of ACI 318-05 also requires transverse reinforcement if the longitudinal
reinforcement ratio is greater than 400/f,. The limit was changed to 430/f, in ACI 349-06,
based on test data.

As noted earlier, the committee made the above changes mainly to reduce the rebar congestion
and the changes were mostly based on test data. Other proposed changes were tabled as there was
insufficient data to support them.

Changes made in ACI 349-12

In addition to updating the new provisions that are included in ACI 318-08, several other changes
were made in ACI 349-12. These changes include:

ACI 349-12 code permits only “Moment Frames” and “Shear Walls,” which correspond to
“special moment frames” and “special structural walls” of ACI 318-08, respectively. Thus,
ordinary and intermediate moment frames, ordinary structural walls, and ordinary precast
walls are prohibited.

However, a provision is added (21.1.1.4) to permit other structural systems provided that “the
proposed system will have strength and toughness equal to or exceeding that provided” by the
permitted structural systems. Demonstration of such equivalency must be based on
experimental evidence and analysis.

Commentary suggests that “energy dissipation factors” (F,) may be used in the design of
nuclear facilities other than the nuclear power plants, if permitted by the jurisdictional
authority. This is the first time a type of response modification factor provision is explicitly
stated in ACI 349, although it is only in the commentary.

Use of 75 ksi main reinforcement (21.1.5.1), and up to 100 ksi for confinement reinforcement
(21.1.5.3), are permitted.

A new provision is added (21.1.2.2) that requires design of the structural members below the
base of the structure that are required to transmit the earthquake forces to the foundation be
compatible with the seismic-force-resisting system above the base of the structure. This
provision is intended to assure that the connection between the structure and the foundation is
not a weak link.

Requirements for structural diaphragms (21.11) have been revised extensively, mostly
consistent with ACI 318-08, which eliminated the requirement for chord reinforcement.
Collector elements under compression require transverse reinforcement if the strain exceeds
0.002 (21.11.7.5), consistent with the change that was made for walls (21.9.6.2) in ACI 349-
06. Section on structural trusses (21.11.11) is deleted.
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ISSUES THAT NEED TO BE ADDRESSED IN FUTURE REVISIONS

There are still some issues in Chapter 21 that need to be addressed in the future revisions of ACI
349, simply because these issues have not been considered in adequate detail. Assuming that Chapter 21
will remain independent of the ACI 318 code, it will benefit the nuclear industry to support these changes
since many construction problems will be eliminated and the quality of the reinforced concrete structures
will improve. The more significant issues are discussed below, with reference to sections in ACI 349-12.

Providing Guidance on BDBE evaluations. Nuclear safety-related facilities are designed
for the DBE and the loading conditions given in the ACI 349 code. The design process calls
for estimation of seismic demands at 80% level (ASCE 1998) and design of members at 98%
level (ASCE 2005). This combination provides a less than 1% probability of unacceptable
performance during a DBE event and less than 10% probability of unacceptable behavior for
a ground motion equal to 150% of DBE shaking (ASCE 2005) which is currently being
viewed as BDBE. However, there is no guidance available on the methodology for BDBE
evaluations. Such guidance should include some provisions, such as stress and displacement
limitations, to assure acceptable behavior of concrete structures during a BDBE.

Definition of Design Strength at 98%. As noted above, current design practices, including
using the specified design strength, code equations, seismic strain rate effects and use of
capacity reduction factors result in “code design strength” at about 98% probability of
exceedance (ASCE 2005). Since the ACI 349 code is used in design, it is appropriate to
include guidance in the standard for achieving the 98% exceedance level in design.

Definition of Allowable Energy Dissipation Factor. The F, factors in ASCE 43-05 are
based on 95% exceedance levels. This requirement should be included in later editions of
ACI 349.

Extension of Hoops (21.5.3.1) and Stirrups (21.5.3.4). Section 21.5.3.1 of ACI 349-12
requires extension of hoop reinforcement over a distance equal to twice the section depth
beyond a section where “flexural yielding” is to occur. Likewise, Section 21.5.3.4 requires
providing stirrups with seismic hooks throughout the length of a member. These requirements
are presumably carried over from ACI 318; the need for these provisions in safety-related
designs needs to be re-assessed.

Boundary Element Requirement (21.9.6.5). Section 21.9.6.5 requires boundary elements if
the actual reinforcement exceeds 430/f, which is only about 0.7%. In many safety-related
structures the main longitudinal reinforcement in the walls is greater than 0.7%, thus creating
a need for boundary elements. This equation does not take into account the strength of rebar
or concrete and the concrete cover provided. Since the need for determination of boundary
elements is related to the concrete compressive strains (Section 21.9.6.2), the intent of this
provision is not apparent. Therefore, this requirement should be revised and the boundary
element requirement be simply related to the compressive strains.

Shear Strength Requirements for Flexural Members of Moment Frames (R21.5.4.1).
The commentary suggests that, under a BDBE ground shaking, a frame member should be
assumed to yield unless it has twice the strength required by the DBE. Consistent with the
discussion above on BDBE, this recommendation should be revised to state that if the frame
member has 150% of the capacity required by DBE, yielding need not be assumed under a
BDBE event.

Increasing the Development Length in Unconfined Concrete by 1.6 (21.7.5.3). Another
conservative provision in the code is the provision to increase the portion of the minimum
development length of rebar in unconfined concrete by a factor of 1.6 (Section 21.7.5.3).
Again, applicability of this provision to safety-related concrete structures should be
examined.
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CHANGE IN DESIGN PHILOSOPHY

Nuclear facilities are generally designed using analysis and design procedures that incorporate
conservative criteria, assumptions and approximations. Since the analysis and design process consists of
many steps, with the use of applicable standard or code at each step, the conservatism tends to cascade.

ACI 349-12 introduces the use of energy dissipation factors (F,) in the commentary for facilities
other than nuclear plants, to take advantage of the ductile behavior of reinforced concrete structures and,
at the same time, reduce the rebar congestion. A recent presentation (Bernd, 2012) advocated extension of
the use energy dissipation factors given in ASCE 43-05 to nuclear power plant design. An ACI 349
committee task force has been established to study this subject which is ongoing.

The authors agree that there is merit in considering the F, factors in the design of all nuclear
facilities. The reasons leading to this conclusion are summarized in the following paragraphs.

o Tests show that well-designed reinforced concrete structures exhibit ductile behavior and
dissipate significant input energy. Well-designed commercial and industrial buildings have
performed adequately in strong earthquakes that have exceeded the design basis of these
facilities. Use of limited energy dissipation factors would still lead to nearly elastic behavior
during a DBE; only small nonlinearities may be expected. In the case of a BDBE, the
designer would need to demonstrate acceptable deformation limits and maintenance of safety
function of the facility. With the advent of the computation capabilities, it is now feasible to
accurately predict the behavior of these structures during such ground shaking. The energy
dissipation factors would be lower than the R-factors used in the non-nuclear industry to
provide a higher level of reliability for these structures; the values given in ASCE 43-05
appear to be appropriate for this purpose. It should also be kept in mind that BDBE is not the
edge of a cliff; there is more capacity beyond BDBE as the structure continues to dissipate
earthquake energy with nonlinear deformations.

e Seismic responses of structures, systems and components at nuclear facilities are generally
determined using ASCE 4. ASCE 43 provides the seismic design criteria and ACI 349
presents provisions for the detailed design. As noted above, the combination of seismic loads
based on ASCE 4 and design based on ACI satisfies the target performance goals for nuclear
facilities, even when F,, factors are used.

e There are other sources of conservatism that are not accounted for explicitly in the design
process for nuclear facilities. One source of such conservatism is the seismic hazard
estimation which is usually carried out using probabilistic methods. The design response
spectra resulting from the probabilistic studies (as well as from the regulatory requirements)
are broad-banded and the energy associated with these studies is usually greater than the
energy observed in earthquakes, thus providing additional conservatism.

e Another source of conservatism is the “system overstrength factor” which is the difference
between the required design strength and the actual strength provided. This factor is more
significant for complex structures with excessive redundancies such as those at nuclear power
plants and DOE facilities. Codes such as International Building Code (IBC 2009) estimate the
overstrength factor for commercial-industrial reinforced concrete structures in the range of
2.0-3.0. However, this conservatism is not considered in design; it is not even calculated
explicitly for safety-related structures. A study of the overstrength factor at nuclear facilities
would provide a valuable database on additional margins that may exist. Furthermore, such
overstrength factors should be considered in the design or evaluation of weak links in the load
path.

The above discussion is provided to initiate a dialogue on the use of the F, factors in the design of

nuclear facilities. We understand that NRC staff is reviewing this subject at this time. A joint meeting of
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the experts from the industry, academia and the regulatory bodies would provide valuable insight on the
issues involved and may provide a path forward.

IN-PLANE SHEAR STRENGTH OF WALLS AND SLABS

Perhaps one of the most controversial areas of shear wall structure design is the design shear
capacity calculation for walls and slabs. The following subsections summarize requirements in the current
codes and standards, test data, and future research needs. The focus in this review is the behavior of low-
rise (squat) shear walls with a height-to-length ratio of 2.0 or less. Most of the walls and slabs in the
safety-related structures fall in this category.

ACI Codes

There are three components that contribute to shear strength of reinforced concrete walls and
slabs: (1) concrete, (2) reinforcement, and (3) axial force. The shear capacity equations given in the ACI
codes can be reduced to the following shear strength:

v, = kB + pfy + Nu/4hly Chapter 11, Eq. 1
Ve = kz\/fc’ + pfy Chapter 21, Eq. 2

where k; and k; are constants, f.’is the concrete strength, p is the ratio of shear reinforcement,
fy is the design yield strength of shear reinforcement, Ny is the total axial force, h is the thickness of
the wall, and |, is the length of the wall. The first term above reflects the concrete contribution; the
second term rebar contribution and the third term the axial force effects. The value of k; may be taken as
2 if no detailed calculations are made; otherwise k; =3.3 is used in Eq. 11-29 of both ACI 318 and ACI
349. (There is another equation, Eq. 11-30, that does not normally control the design of squat walls.)
The concrete stress obtained from Eq. 1 is to be multiplied by the thickness of the wall, h, and the
distance from extreme compression fiber to centroid of tension reinforcement, d, to obtain the wall or slab
shear capacity.

It is noted that Chapter 21 provisions do not take into account the third term. The constant Kk is
specified as 2.0< k,<3.0 for walls where k; is equal to 3.0 for h,/l, < 1.5, 2.0 for h,/l,, > 2.0 and varies
linearly in between. The symbol h,, refers to the height of the shear wall. For slabs, the constant k; is
equal to 2.0 for any aspect ratio. There is no explanation given for the difference between the walls and
slabs. The shear stress obtained from Eq. 2 is to be multiplied by h and l,y; thus either equation may
govern the design depending on the structure parameters.

Both chapters 11 and 21 limit the shear strength calculated by the above equations to 10V1,” times
the applicable wall area.

ASCE/SEI Standard 43-05

ASCE/SEI 43-05 was developed mainly for the design and evaluation of safety-related reinforced
concrete structures at Department of Energy nuclear facilities. It is rooted on the Target Performance
Goal-based seismic design approach documented in US DOE Natural Phenomena Hazards (NPH)
standards.

Even though the standard was intended to be used with ACI 349 for concrete structures, it
includes a methodology for calculating the in-plane shear capacity of shear wall. The motivation for this
inclusion appears to be conservatism associated with the ACI 349 provisions. In practice, ACI 349 is used
for the design of new facilities but ASCE/SEI 43-05 is used for evaluation of existing facilities. The in-
plane shear capacity for concrete walls in ASCE/SEI 43-05 is:



22" Conference on Structural Mechanics in Reactor Technology
San Francisco, California, USA - August 18-23, 2013
Division IX (include assigned division number from | to X)

Ve = 0[(8.3VEe” — 3.4V, (hullw -0.5))+ psefy + Nu/4hly] Section4.2,  Eq.3

where ¢ is the capacity reduction factor, pse iS the rebar ratio based on both horizontal and vertical
reinforcement as a function of the aspect ratio of the wall and the other terms are as defined before. The
first part in Eq. 3 reflects the concrete contribution as before with a maximum value of 10Vf.”, when the
aspect ratio is zero. For h,/l,, ratios less than about 1.0, ASCE 43-05 results in significantly higher
concrete capacity. The maximum value of Eq. 3 inside the brackets is limited to 20. Eq. 3 is based on the
so-called Barda equation (Barda 1976) which was derived using early experimental data. Since then many
more experimental studies have been conducted and the database has been enriched.

NUREG/CR-6926, based on a review by Brookhaven National Laboratory did not agree with the
ASCE 43-05 methodology. The review recommended that “...NRC should not generally endorse the
equation for calculating the shear capacity of low-rise shear walls for purposes of design, until a
consensus on this approach is developed in the concrete design community and ACI 349 is revised to
reflect this change.” Probably because of this recommendation, Eqg. 3 has not been adopted for design of
nuclear facilities but it continues to be used for evaluations based on probabilistic approaches.

Test Data

Many tests have been carried out on shear walls with and without boundary elements, (Gulec
2009a) and (Gulec 2008), respectively. Earlier tests were mostly conducted using small scale models. It is
doubtful that small scale specimen testing would be a good indicator of the actual strength of heavily
reinforced walls and slabs at nuclear facilities. More recent tests were carried out with large-scale
specimens.

The most important trend emerging from these tests is the great variability in shear strength
which must be taken into account in both deterministic and probabilistic approaches to design.

As a result of both experimental and theoretical studies, many equations have been proposed to
determine the shear strength of walls and some of these equations have been incorporated into the codes
and standards. As summarized above, the current equations in the codes and standards lead to widely
varying predictions of shear strength. and, apparently, there is no consensus on estimating in-plane shear
strength of walls and slabs.

During recent research at University of Buffalo, a database including all available test data was
assembled and failure mechanisms were investigated, with the objective of improving the current state of
knowledge for low-rise shear walls (Gulec 2009b). The study also included development of new
predictive equations using nonlinear optimization tools. These equations have not yet been included in
any standard and therefore their use in a design environment remains untested.

Future Research Needs

This brief review indicates that there is no industry consensus on the shear strength calculation of
low-rise shear walls. Continued effort by the industry (designers, regulators, and academia) is needed to
further our knowledge of shear wall behavior and to develop code provisions that will assure predictable
and consistent design.

Recent tests on large scale wall specimens led to two important conclusions (Gulec 2009b):

1. Current equations in the codes and standards over-predict the strength of the walls. Of the 12
large-scale specimens tested at the University of Buffalo, the actual strength obtained in eight
was less than the code strength. Since the predicted strength using code equations should be
at the 95% exceedance level (using design strengths and capacity reduction factors at the 98%
level), this finding is of concern.
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2. Experimental data show that elastic calculations for shear walls tend to over-predict initial
stiffness. The data also show that the stiffness reduction after concrete cracking is much
greater than those recommended in the standards (ASCE 2005). This reduction will cause
significant changes in the frequency of the structure once cracking starts. The reduction in
stiffness may not be significant for the structure since the seismic forces are generally
reduced. However, this change will also cause shifting of the in-structure response spectra
peaks which may greatly affect flexible systems and components supported by the structure.

Therefore more experimental and analytical research is needed to better define the strength of
shear walls and deterioration in stiffness. The primary objective of this research would be to provide
better guidance to designers in the nuclear industry.

CONCLUSIONS

Shear wall structures have provided safe and reliable service for many years at most nuclear
facilities and industrial complexes. The key findings from this review may be summarized as follows:

o Further refinement of the ACI 349 Chapter 21 is necessary with the objective of improving
the design and constructability of nuclear safety-related structures,

e ACI 349 Chapter 21 should be continued as independent of ACI 318 code for earthquake-
resistant design of safety-related concrete structures.

e There are still some areas in Chapter 21 that are copied from ACI 318-08, mainly because
data to make the necessary changes were not available; resulting in rebar constructability and
congestion issues.

e The philosophy of limited inelastic behavior should be adopted in the design of all safety-
related concrete structures. This will require defining Limit States and corresponding Energy
Dissipation Factors in the code.

e Research should be continued on shear strength of walls and slabs with the objective of
developing provisions that will result in structures with reliable performance characteristics.
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