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BACKGROUND

This is a follow-up to a series of three prior papers discussing significant modifications
approved for inclusion in the 2000 NEHRP Provisions, dealing with the design of precast
concrete seismic-force-resisting systems.  This paper discusses the corresponding
provisions that are expected to be included, for the first time, in the 2002 edition of the
ACl 318 Building Code Requirements for Sructural Concrete, and describes the
relation between the ACI and NEHRP provisions.

In the May-June 2000 issue of the PCI JOURNAL, the history and development of the
requirements of the NEHRP  (Naiond Eathquake Hazards Reduction Program)
Recommended Provisions® for precast and prestressed concrete structures were discussed.
In the September-October 2000 and November-December 2000 issues of the PCI
JOURNAL, the specifics of the requirements of the proposed 2000 NEHRP Provisons
concerning precast concrete seismic-force-ressting frames and shear wal sysems, and
untopped digphragms, respectively, were given and the bases of those provisons were
documented.

This paper fird summarizes (from the second paper in the above series) the requirements
of the proposed 2000 NEHRP Recommended Provisons for saismic-force-ressting
frame and shear wall systems composed of precast concrete dements. It then presents
and discuses the corresponding design provisions that are expected to be included in ACI
318-022, and points out certain similarities and differences

The ACI and NEHRP documents have fundamentdly different purposes. The NEHRP
Provisons is intended as a resource document for use by code and standard writers. By
contrast, ACI Committee 318 is a dsandard writing group publishing requirements
intended as suitable for adoption into codes.



2000 NEHRP PROVISIONS

The 2000 NEHRP Provisons is in the find dages of devdopment. The design
provisons for precast sructures in high seismic regions have been greetly expanded from
prior editions of the document. The scope of these provisonsisillustrated in Fig. 1.

The 2000 NEHRP Provisions adopts ACI 318-99 by reference to regulate concrete design
and condruction.  Amendments ae made by insarting additiond provisons into, or
reviang the exiging provisons of, ACl 318-99. In ACI 318-99, the sdismic rik of a
region is described as low, moderate or high. Chapter 21 contains specific requirements
for the desgn of concrete dructures in regions of high and moderate seismic risk.
Structures in regions of low saismic risk need only meet the requirements of Chapters 1
through 18. In the 2000 NEHRP Provisons, the applicability of Chapter 21 requirements
depends not only on the region in which the sructure is located but dso on the occupancy
of the dructure and the characteristics of the soil on which it is founded. These three
consderations are combined in terms of Seismic Desgn Categories (SDC) which are
assigned letters A through F. ACI 318-99 recognizes SDCs A and B as being equivadent
to regions of low saigmic risk and needing only detalling that meets the requirements of
Chapters 1 through 18. Structures assgned to SDC C are recognized as requiring
detailing mandated for regions of moderate seismic risk and structures assgned to SDCs
D, E and F require detailing prescribed for regions of high seismic risk.

Section numbers in Fig. 1 dating with the number 9 (for ordinary structurd wals)
identify specific provisons of the NEHRP Provisons. Section numbers darting with the
number 21 identify specific provisons inseted into AClI 318-99. In Fig. 1 precast
sysems are divided between "mondlithic emulation” and “jointed”. In this aticle the
desdgn processes for those systems are described as "emulative' and "non-emulaive’
respectively. Conceptudly that differentiation between the two systems is arbitrary since
the globd deformations of a jointed frame sysem should dso emulate those for
monolithc frame congruction. However, as implied by the terminology used in this
aticle, it is the desgn process that differs for the two sysems; the process for “jointed"
condruction is less emulaive of that for cast-in-place condruction than that for
"monalithic emulation”.

The 2000 NEHRP Provisons requires that seismic-force-ressing systems in precast
concrete structures assgned to SDCs D, E and F congst of specid moment frames,
specid sructura wals, and Type Z connections (all these items are discussed later).

For gructures assgned to SDC C, moment frames made from precast dements must
utilize, as a minimum, Type Y connections. However, they can dso have the tougher
Type Z connections if the designer so chooses. Structural walls composed from precast
elements can be designed as ordinary structurd walls per Chepters 1 through 18 of ACI
318-99, with the requirements of Chapter 16 superseding those of Chapter 14 and with
Type Y connections, as a minimum, between dements.



Special Moment Frames

The 2000 NEHRP Provisons dlow emulaive as wdl a nonemulaive desgn
approaches to be used for precast concrete specid moment frames. Hinge locations (nor+
linear action locations), must be sdected s0 that there is a strong column/wesk beam
deformation mechanism under saismic effects, regardless of whether emulative or nor:
emulative design procedures are used.

Emulative Design - Two design dternatives have been carried over from prior
editions into the 2000 NEHRP Provisions. One procedure alows elements to be joined
using ductile connections, while the other dlows them to be joined using strong
connections. Because a strong connection must not yield or dip, its design strength in
both flexure and shear must be greater than the bending moment and shear force,
respectively, corresponding to the development of probable flexura or shear strengths at
nonlinear action locations. Where strong connections are used, the non-linear action
location (center of the nonlinear action region) must be no closer to the near face of the
strong connection by half the member depth. Any strong connection located outside of
the middle half of the span of the beam must be awet connection unless a dry connection
can be judtified by gpproved cydlic test results. A "wet" connection uses any of the
splicing methods of ACI 318 to connect precast or precast and cast-in-place members,
and uses cagt-in-place concrete or grout to fill the splicing closure. A "dry" connection is
aconnection between precast or precast and cast-in-place members that does not qualify
asa"wet" connection.

Where dements are joined using ductile connections, the aggregate interlock that is
present a hinge locations in monalithic condruction is unlikdy to exist for precast
condruction. Therefore, to prevent shear dip when the moment acting a the hinge
locetion is & its maximum probable vaue of My, the co-exidting shear must not exceed
hdf the sum of the nomind shear drengths, S, conneciion, Of dl the connections a the
hinging section. The nomind shear drength, V,, of the section where the connection is
made must aso not be less than the shear strengths of the members immediately adjacent
to the connection.

Individua connections must satisfy Type Z connection requirements. Those connections
can be dther “wet” or “dry.” One type of ductile wet connection widdy used in
emulative desgn is the “splice deeve’ connection.  Other connections with similar
ductility capabilities have recently become available or are under development

Non-Emulative Design - Over the last decade many advances have been made in
our understanding of the seismic behavior of precast concrete frame dructures. Those
advances have made posshble the provisond dandardization by ACI of acceptance
citeria for concrete gpecid moment frames, based on vadidation testing, in ACI
ITG/T1.1-99°. Tha provisona standard, together with research advances, has made
possble the deveopment of criteria for the desgn of frames condructed from
interconnected precast dements.  While criteria for such frames have exised in the
NEHRP Provisons since 1994, the previous criteria were in an Appendix and contained



pendties for the use of precast dements compared to monolithic concrete elements.
Those pendties are diminated in the 2000 NEHRP Provisons and the possble
behaviora benefits of using precast construction are recognized.

Special Structural Walls

The sudies that led to the development of the acceptance criteria of ACI TG/T1.1-99
for specid moment frames dso catayzed studies that have resulted in the development of
gmilar acceptance criteriafor specid structural walls,

The 2000 NEHRP Provisons requires that the subgtantiating experimental evidence and
andyds for specid dructurd wal sysems meet requirements Smilar to those of T1.1-99
for the desgn procedure used for the tet modules, the scae of the modules, the testing
agency, the test method and the test report.

Connections

Dry connections for seismic-force-ressting sysems ae classfied into Type Y and Type
Z. At nortlinear action locations, displacements both in the direction of action of the
connection, and transverse to it, must be controlled. For example, if a diding shear
connection is to be provided between two precast members, then there must adso be a tie
between the two members to prevent the diding surfaces from separating.

Type Y connections must be able to develop, for the flexure, shear, or axia load, or
combinations of those quantities expected to act on the connection, a probable strength,
Sor, determined using a f vaue of unity, that is not less than 125 percent of the yield
grength of the connection. In essence, the connection must be able to drain-harden.
Under cyclic bading the connection must be able to develop a displacement, a Sy, thet is
a leest 4.0 times its displacement a yidd. The anchorage of the connection into the
precast member on ether side of a joint must be designed to develop in tenson 1.3 times
Spr , and be connected directly by a Type 2 splice (as defined in ACI 318-99) to the
principal reinforcement of the precast or cast-in-place dement.

For Type Z connections, $r must be not less than 140 percent of the yield strength of the
connection, ad under cyclic loading the connection must be able to deveop a
displacement at S that is a least 8.0 times its displacement at yield. The anchorage for
the connection must dso meet in both tenson and compresson dl the requirements for
Type Y connections.  Equilibrium based plagticity modds (drut-and-tie models), as
described in Section 18.135 of ACI 318-99, are to be used for the design of the
connection region.  Confinement reinforcement in the form of closed hoops or spirds
with a yidd grength not less than 0.5 times the compressive force and with a spacing not
greater than 3 inches must be provided around the anchorage where the local compressve
gress at Sy exceeds 0.7 f'¢ . The connection region is defined in the same manner as
“anchorage zone’ in Section 2.1 of ACI 318-99.



The testing of connections and the evauation of results must be made in accordance with
the principles of ACl ITG/T11-99. Connections a nonlinear action locaions in
modules of frames and structurd walls used for vdidetion testing are deemed to saisfy
the provisons for connections if the results for the tet module saisfy the acceptance
criteriafor frames or structura walls, as appropriate.

ACI 318-02

The 2002 edition of the ACI 318 standard is in advanced stages of preparation. Although
al necessary approvas have not been obtained and dl necessary processes have not been
completed, which means that the contents are gill subject to change, the 2000 edition is
expected, for the firg time, to include design provisons for precast concrete structures
located in regions of moderate to high seismic risk or assgned to intermediate or high
seigmic design categories (C, D, E, F). Figure 2 illudrates the scope of these proposed
provisons. It is evident hat the scope is somewhat more limited, when compared to that
of the 2000 NEHRP Provisions.

New provisons for specid moment frames and dructurd wals congructed of precast
concrete are provided.  Although new provisons are dso given for the desgn of
intermediate precast dructurd wadls (an item not included in the 2000 NEHRP
Provisons), generd building codes that address seismic design categories currently do
not recognize intermediate structurd walls. In part that is because the difference between
the R vaues currently used for ordinary and specia sructura wals is svdl. By contrast
the difference between the R vaues for ordinary and specid moment frames is much
larger and the introduction of an intermediate moment frame category is economicdly
desirable.

Special Moment Frames

Emulative Design - The detaling provisons in Sections 21.6.1 and 21.6.2 are
intended to produce frames tha respond to design displacements (displacements
expected when structure is subjected to the design-bass earthquake) essentidly like
monoalithic specid moment frames.

Precast frame systems composed of concrete eements with ductile connections are
expected to experience flexurd yidding in connection regions. Precast concrete
frame systems composed of eements joined using strong connections are intended to
experience flexurd yidding outdde the connections. Strong connections include the
length of the coupler hardware. Capacity design techniques are used to ensure that
the drong connection remans dadic following the formation of plagic hinges.
Additiord columns requirements ae provided to avoid hinging and dtrength
deterioration of column-to-column connections.

Examples of brittle fracture of reinforcing bars at the faces of mechanicd splices,
caused by drain concentrations, have been observed in laboratory tests of precast
beam-column connections®.  Therefore, designers are cautioned to carefully select



locations of drong connections or take other measures, such as debonding of
reinforcing bars in highly stressed regions, to avoid strain concentrations that have the
potentia to cause premature fracture of reinforcement.

Non-Emulative Design - Specid moment frames condructed using precast
concrete and not satisfying the requirements of Sections 21.6.1 and 2162 ae
permitted, provided they satisfy the requirements of ACI Provisond Standard
ITG/TL1-99°, "Acceptance Criteria for Moment Frames Based on Structura
Teding” Two additiond criteria, not part of ITG/T1.1-99 or the 2000 NEHRP
Provisons, are imposed. Fird, detaills and materids used in the test specimens must
be representative of those used in the structures. Second, the design procedure must
identify the load pah or mechanism by which the frame resds gravity and
eathquake effects. The tests must be configured to examine initid behavior modes,
and the measured quantities must establish upper-bound acceptance vaues for
components of the load path, which may be in terms of limiting stresses, forces,
drains, or other quantities. The desgn procedure used for the Structure must not
deviate from that used to design the test specimens, and acceptance vaues must not
exceed values that were demonstrated by tests to be acceptable.

I nter mediate Precast Structural Walls

Connections between precast wal panels or between wal panels and the foundation
are required to resst forces induced by earthquake motions and to provide for
yidding (of sed dements or reinforcement only) in the vicinity of the connections.
Elements of connections that are designed not to yidd must develop at least 15 times
the specified yidd drength of the reinforcement. It may be noted that the Type Y and
Z connections of the 2000 NEHRP Provision are not recognized or used in ACl 318-
02.

It has been noted earlier that generad building codes, based on the various moded
codes currently in existence, do not recognize Intermediate Precast Structural Walls.

Spedal Structural Walls

Specia dructurd walls condructed using precast concrete must satisfy al ACl 318
requirements for cast-in-place specid dructurd wadls (Section 21.7), and must aso
satisfy the connection requirements imposed on Intermediate Precast Structurd
Wadls.

Vertically coupled precast concrete shear wals and podt-tensioned precast concrete
shearwdls, as utilized in the PRESSS program, are permitted under the 2000 NEHRP
Provisons. The ACI 318-02 provisons will meke use of such sysems difficult.
However, tha difficulty may be condstent with the concept that the NEHRP
Providgons is a resource document whereas ACI 318 is intended for regulatory use.
For ‘jointed precast concrete specid momet' frames severa commercid structures



completed in the fidd have demondrated the viability of that form of condruction.
The corresponding structures isong specid structurd wals have yet to be built.

ADOPTION INTO MODEL CODESAND STANDARDS

It is expected as of thiswriting that the seismic design provisions of the 2003
International Building Code (IBC)° are going to be based on the 2000 NEHRP
Provisons. However, snce ACI 318-02 is now going to have design provisons for
precast concrete structures assigned to high seismic design categories, these will
become part of the 2003 IBC, since ACI 318-02 is going to be adopted by reference
into that code to regulate concrete design and congtruction. In other words, the
precast concrete design provisions of the 2000 NEHRP Provisions are going to be
superseded by those of the 2000 NEHRP Provisionsin the 2003 IBC.

The above remarks can also be made with respect to ASCE 7-02°, which is currently
under development and whichis expected to be referenced by NFPA 5000 the model
building code that the Nationa Fire Protection Association isin the process of
developing.
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Precast Seismic Systems

Monolithic Emulation

Jointed Precast

Moment Structural Moment Structural
Frames Walls Frames Walls
Special Intermediate Ordinary Special Ordinary Special Special
21.10.7 No req. 21.1 21.11.4.1 21.11.4.2
(9.1.1.3)
Strong Ductile Strong Ductile
Connection Connection Connection Connection
21.11.3.2 21.11.3.1 N/A 21.11.3.2
21.11.5

Fig. 1. Selsmic design requirementsfor precast structuresin 2000 NEHRP Provisions




Precast Seismic Systems

Monolithic Jointed

Emulation Precast

Moment Structural Moment

Frames Walls Frames

Special Special Intermediate Special

21.11.4.1
Strong Ductile Ductile Ductile
Connection Connection Connection Connection

21.6.1 21.6.2 21.8.1 21.13.1

Fig. 2. Seismic design requirementsfor precast structuresin ACI 318-02 (expected)




