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This article traces the evolution of building code
provisions for precast/prestressed concrete in the
United States. The first part presents the influence
of European practices, then discusses American
developments, PCl initiatives in writing code
provisions and the role of the ACI Building Code.
The latter part discusses the emergence of the
model building code provisions with particular
emphasis on seismic design issues.

Bridge was being constructed in Philadelphia, Penn-

sylvania, prestressed concrete was not recognized by
the ACI Building Code nor by any other official jurisdic-
tion in the United States. (It is generally recognized that it
was the excitement and publicity generated by the Walnut
Lane Bridge, the first major prestressed concrete structure
in North America, that gave birth to the precast/prestressed
concrete industry in the United States.) But before we di-
gress any further, let’s go back to the origins of prestressed
concrete.

Back in 1949-1950, when the Walnut Lane Memorial

European Influence

In 1936, the French pioneer Eugene Freyssinet, generally
regarded as the “father” of prestressed concrete, announced
at a special meeting before the British Institution of Struc-
tural Engineers in London that by combining concrete with
high strength prestressing steel he had discovered a com-
pletely new material possessing properties very different
from those of ordinary reinforced concrete."? This new
“revolutionary” material would always be in compression
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U. S. DEPARTMENT OF COMMERCE
BUREAU OF PUBLIC ROADS
WASHINGTON: 1954

Criteria for Prestressed Concrete Bridges

DESIGN

Temporary stresses

Temporary stresses before creep and shrinkage shall not exceed the following: !
Concrete:

K pretensioned._._._________________ 0. 60f'

Compression in extreme ﬁber{post-tensioned T 0.55
‘Tengion S =S asralan /i S rle Ve R .- 0,05
Presiressing steel: Tension_ . __________________________________.__ 0. 80f°,

Stress under dead, live, or impact load

Stress after creep and shrinkage under dead, live, or impact load, or any com-
bingtion of these forces, shall not exceed the following:

Concrete:
Compression in extreme fiber_____ .. ... .. ... _..... 0. 4f°,
Tension in extreme fiber___ __________________________ . __________ 0

Where the P show tension in the fiber, unpr
reinforcement may be used, and designed to take the total tensile stresaes, provided
that the computed tension in the conorete before the unprestressed steel is added
does not exceed 0.08f..

Prestressing ateel - .. . ... 0. 8/, or 0. 8f*,,, whichever is less.

AT

Creep, shrinkage, and tion

Decrease in prestress in steel due to creep, shrinkage, and elastic deformation
shall be assumed to be as follows:

relensi TSR S MU W LN L 8,000+ 16f,,+0.04f,..
Post-tensioned conerele. . - .o eoa_.... 3,000+ 111,,+0.04f,:.

In these criteria the efficiency of the anchorasge has been assumed to be 100

percent. The designer should add to the figure given for creep and shrinkage an
amount sufficient to allow for the anchorage efficiency, as determined by test.

Light-weight aggregate: An t to be d ined by testa.
D inp due to frictd
Where the prestressing steel is ‘‘draped” and wh minor irregulariti

oceur in the alinement of the ducts, the stress in the interior of the beam will be
somewhat less than that at the jack, due to friction. This loss shall be estimated
and verified in the field as given in the section on construction under the heading
“Post-tensioning method (p. 5). A guide to the estimation of the loss will be
found in the discussion.

1 A notaticn appears on page vi.

Fig 1. U.S. Bureau of Public Roads Criteria for Prestressed Concrete Bridges (1954).

and thus would not allow tensile stresses or cracking under
any service loads. [It should be appreciated that Freyssinet’s
concept (including some applications) of prestressed con-
crete occurred much earlier than 1936, which was inspired
in connection with his work on time-dependent deforma-
tions of reinforced concrete arch bridges. However, his Lon-
don lecture was the first time that the English-speaking
world became fully aware of the significance of his work on
the potential of prestressed concrete.]

Word of Freyssinet’s concept of prestressed concrete, to-
gether with its applications, gradually reached the outside
world, but its full implementation was, unfortunately, inter-
rupted by the onset of World War II. However, interest in
prestressed concrete took on a new dimension after the war,
especially because of the pressing need to build new bridges
and buildings due to the wartime destruction of the Euro-
pean infrastructure. At the same time, there was a world-
wide shortage of structural steel. Thus, prestressed concrete
provided an efficient and economical solution to Europe’s
rebuilding program.

In the post-war years, several European researchers and
practitioners questioned whether prestressed concrete mem-
bers needed to be in total compression during their service
life. A change in concept was particularly advocated by Paul
Abeles in England. Based on research and his work with
British Railways, he showed that partially prestressed con-
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crete, i.e., members reinforced by a combination of pre-
stressing steel and mild steel reinforcement, that allowed
some tension under service load, could perform very well
even in a cracked state.>* His tests showed that partially pre-
stressed concrete beams could withstand tensile stresses as
high as 750 psi (5 MPa) under service loads.

This concept was further reinforced when a partially pre-
stressed concrete beam was built on the roof of a London
train station. This beam was purposely allowed to develop
cracks during service loads. These cracks were held open
with stainless steel razor blades. The beam was exposed to
acidic smoke from coal-fueled locomotive trains for several
years. The end result was that the beam performed very
well, showing no major signs of distress.

Practitioners also discovered that prestressed concrete
beams, designed for compression only, were vulnerable to
excessive camber as well as long-term creep and shrinkage.
Thus, the concept of allowable tension was born, which pre-
vails in today’s concrete codes.

American Developments

Returning now to the Walnut Lane Bridge, this structure
was designed by Professor Gustave Magnel of Belgium. The
design specifications were basically European. The anchor-
age hardware used was the Magnel system, a patented sys-
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] 3 ;tmng monldi_
o0 the| strands. (andlor wire),

Fig. 2. PCl’s flrst Specmcatlons for Pretensioned Bonded
Prestressed Concrete (1954).

PCI STAADRRD BUILDING GODE
fOR PRESTRESSED CONGRETE
PRESENTED FOR AEVIEL

Copies of our tentative Building Code have been distributed
to our memhership and to registrants at the PCI Fifth Annual
Convention. Constructive criticism is now invited. 1t is suggested
that all discussion and criticism be made clear and concise and
referred to the respective sections of the Code. They should be
sent to the Committee Chairman, Professor T. Y. Lin, with mini-
mum of two duplicates, to his address listed below. Seven copies
are preferred if convenient. Closing date for their acceptance
is March 1, 1960. Copies have also been sent to members of the
Federation Internationale de la Precontrainte for their review
and comment.

Flg' 3.pCl The committee intends to revise and publish the Code in
Standard |its final form, based on constructive criticism received.

BUIIdmg Code Correspondence should be addressed to Professor T. Y.

for Prestressed |Lin, Chairman PCI Standard Building Code Committee, Engi-

Concrete |neering Materials Library, University of California, Berkeley 4,
(1959)., [Cetfommis

tem developed by the professor himself, while the prestress-
ing steel used was 0.276 in. (7 mm) diameter, stress-relieved
wire furnished by Roebling, a Swiss-American company fa-
mous for supplying the steel cables for the Brooklyn Bridge
in New York City and other suspension bridges.

Note that seven-wire strand was still in the experimental
stage and in limited use. The bridge was essentially a post-
tensioned concrete girder structure cast on site.® The girder
spans were 160 ft (49 m) long, which are fairly large even
by today’s standards.

With the successful completion of the Walnut Lane
Bridge, interest in prestressed concrete began to spread
across the United States. Within the next decade, nearly 100
precast/prestressing plants sprouted in North America. And
yet, there were still no provisions for prestressed concrete in
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Sectlon 4. DESIGN STRESSES

(A) PRESTRESSING STRAND AND WIRE . F
(1)  Initial stresses:shall not exceed '.'0% of minimum ullimie :trengﬂl for -
EEY smxelibved smd andfor wire. 5 :
T (2) I..os n l.nhinl prutren due to crecp,. shﬂnlmge nnd plasﬁc deformation
shallhe ammed not less than 16 % ;

®)
oea(

L

at mﬂt&_&"ot transfer '(_;fx.p_i'e"i

_-.(2) Mnimum nlluw:ﬂ:lc mmuunder--thul-dmd nnddivu loud r.ondmons._:
__'shlllbeasfollum* s, :

A i
: Compmonmbuildlng mcmber: :
. Tension in bntt m fiber in bxidgemem

Tensionin b fibez n

: -Tenﬂonintopﬁbm.'. T e ]
'Unlesthenddiﬁnnnhs carried by quwlngsm
batnoi moxethmoos fe b

(C) 5 Whm cnnm‘u nf Hght' wdgm.wwﬁ _', data on stress losses dﬁe to ..
and piastic deformation shonld be| p:euniul and/these mm!m

creep, shrinkage,
: w md ofithose lhted undar 4 (A) @)

7 i

the ACI Building Code. Nevertheless, interest in prestressed
concrete was evident as early as 1944 by the formation of
the ACI-ASCE Joint Committee 323 (later 423) on Pre-
stressed Concrete. This committee was to play an important
role in the formulation of provisions for prestressed concrete
14 years later (1958).

Based primarily on the work of Eric L. Erickson, in
Louisiana, the U.S. Bureau of Public Roads (the precursor of
the Federal Highway Administration) published in 1954 the
Criteria for Prestressed Concrete Bridges (see Fig. 1).” This
document was to have a major impact on the future of pre-
stressed concrete, especially for bridges. One very important
outcome of this document was the inclusion of precast, pre-
stressed concrete provisions in the AASHTO Standard Spec-
ifications for Highway Bridges® and the more recent LRFD
Design Specifications.’

With the founding of the Prestressed Concrete Institute in
1954, the early precasters found it necessary to develop their
own set of “code provisions” for pretensioned concrete
products. This document came in the form of a three-page
pamphlet titled “Specifications for Pretensioned Bonded
Prestressed Concrete,” published on October 7, 1954 (see
Fig. 2), and made effective on November 7, 1954.1° Then, in
December 1959, the PCI announced that its Standard Build-
ing Code Committee (T.Y. Lin, chairman) had developed a
“Standard Building Code for Prestressed Concrete” (see Fig.
3). Prior to official adoption, this document was open to
public discussion with a deadline for comments by March 1,
1960.

ACI Code

It is important to mention that in the late 50s, considerable
progress was being made in developing the Joint ASCE-ACI
Committee 323 report on Prestressed Concrete. This report
(see Fig. 4), which had a major impact on the 1963 ACI
Code, was published simultaneously in the ACI Journal and
in the PCI JOURNAL in 1958.1

With the proliferation of precast/prestressed concrete in

PCI JOURNAL



¥ JOINT ASCE-ACI j
; REPORT ON :

; PRESTRESSED :
: CONCRETE :

: Prepared by :
: COMMITTEE 313 :

This Report is herein published with the apé)roval of the
AMERICAN CONCRETE INSTITUTE and the AMER-
ICAN SOCIETY OF CIVIL ENGINEERS.

No reprints or individual copies of the Report can be
published by the PRESTRESSED CONCRETE INSTI-
TUTE. Separate reprints are available only from the
AMERICAN CONCRETE INSTITUTE.

Discussion of all aspects of this tentative Report should
be directed to the AMERICAN CONCRETE INSTI-
TUTE not later than April 1, 1858.

This Report is being published by the PRESTRESSED
CONCRETE INSTITUTE in order to acquaint its mem-
bership with this tentative Report, which sometime in
the future will be adopted and used throughout the
United States as a standard for the design and construc-
tion with prestressed concrete.

A. M. OZELL,

Editor

PCl POURNAL

Fig. 4. ASCE-ACI 323 report on Prestressed Concrete (1958).

the 50s and 60s, the American Concrete Institute felt it was
desirable to have prestressed concrete covered in the ACI
Building Code, which until then had provisions only for re-
inforced concrete, so that a practitioner would have to deal
with one code only. ACI approached the PCI to explore the
possibility of PCI refraining from publishing its own “code”
on prestressed concrete, provided it received proper repre-
sentation in the ACI 318 Building Code.

At a meeting in Detroit in 1959, PCI negotiated an agree-
ment with ACI in which ACI agreed to incorporate provi-
sions for prestressed concrete into its code and to have four
members from PCI on the ACI Code Committee to draft the
code language. (This group comprised Ross Bryan, Armand
Gustaferro, T.Y. Lin and Irwin Speyer.) Further, PCI would
be allowed to distribute the ACI Code under a PCI cover
showing the particular edition or year of the code. The result
of this agreement was the inclusion of prestressed concrete
code provisions for the first time in the 1963 edition of the
ACI Code (see Fig. 5).12

Subsequently, two chapters appeared in the ACI 318
Code: Chapter 16 on Precast Concrete and Chapter 18 on
Prestressed Concrete.

The trend in recent years has been for both European and
American codes of practice to lump reinforced and pre-
stressed concrete into a single entity, namely, structural con-
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207—ALLOWABLE STEEL AND CONCRETE STRESSES
207.1—Prestressing steel

207.1.1—Temporary siresses

Under normal design loads stress in prestressing steel will almost always
be less than stress at initial prestress. Stress at the anchorage immediately
after seating has been effected should not exceed 0.70f,’ for material having
stress-strain properties defined in Chapter 3. Overstressing for a short period
of time to 0.80f,’ may be permitted provided the stress, after seating of an-
chorage occurs, does not exceed 0.70f,'.

207.1.2—Stress at design loads
Effective steel stress after losses described in Section 208 should not exceed:

0.60f,’ or 0.80f.;
whichever is smaller.

207.2—Non-p d reinf t
Non-prestressed reinforcement provided to resist temsion in conformance
with requirements of Section 207.3.1.b.2 may be assumed stressed to 20,000

psi.
207.3—Concrete

207.3.1—Temporary stresses
Concrete stress in psi before losses due to creep and shrinkage should not
exceed the following:

a. Compression

For pretensioned members...... ... ... 0.60f" ¢
For post-tensioned members. ... ............cooiiiiii. oo 0.55f" ¢
b. Tension
1. For members without non-prestressed reinforcement:
Singleelement. . ............ouiniiiiiiiiii e 3Vfu
Segmentalelement............... ... ...l £730)

2. For members with non-prestressed reinforcement provided to
resist the tensile force in the concrete, computed on the basis
of an uncracked section:

Single;elementyFetrys: ety R TR S R 6VFw
Segmental element................. ..l 3Vfw
207.3.2—Slresses at design loads

After full prestress losses, stresses in psi should not exceed the following:

a. Compression
1. Single element

a. Bridgemembers. .............. ...l 0.401.

b.#Buildingjmembers = pt H 2 AN £ o sl S 0.45f1.'
2. Segmental elements

a3 B ridgelmembe rs= ey s SRR TrR A b s e Sy et 0.40f./

b. Building members............ ... ... il 0.451

b. Flexural tension in the precompressed tensile zone
1. Single element

atpBridgel members AL e iRk W P s e zero
b. Pretensioned building elements ndt exposed to weather or
corrosive atmosphere. ............. ..ol 6v7."
c. Post-tensioned bonded elements not exposed to weather
or corrosive atmosphere............. ... ...l 3Vf.!
2. Segmental elements
a. Bridgemembers. ................ ... zero
b. Building members................. b o ey A 0 B zero

Allowable flexura! tension of 6vf,’ in Section 207.3.2.b.1.b may be exceeded
provided it is shown by tests that the structure will behave properly under
service conditions and meet any necessary requirement for cracking load or
temporary overload.

crete. This is reflected in the current edition of the ACI Code
(ACI 318-02).13

Over the years, despite PCI involvement in the ACI Code
development process, code provisions favorable to
precast/prestressed concrete have not always met expecta-
tions. The code negotiating process has often been difficult
and time consuming. Some design engineers in the
precast/prestressed concrete industry have felt at times that
the ACI provisions have held back the proper development
of prestressed concrete and that, in some cases, the ACI pro-
visions were in error. Pressure began to mount on PCI to
again enter the code-writing arena, at least in a limited way.
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ACI Standard

Building Code Requirements
for

Remforced Concrete'

PCI Standard Design Practice

Prepared by

PCl Technical Activities Council
and
PC! Committee on Building Code

Technical Activities Council

THOMAS ). D’ARCY
Chairman

ROGER ). BECKER
NED M. CLELAND

DONALD F. MEINHEIT
GEORGE D. NASSER

GREG FORCE JAGDISH C. NiJHAWAN
GERALD E. GOETTSCHE MICHAEL G. OLIVA
RICHARD GOLEC A. FATTAH SHAIKH
PHILLIP ). IVERSON IRWIN J. SPEYER

PAUL D. MACK C. DOUGLAS SUTTON

GUILLERMO MECALCO

Committee on Building Code
LESLIE D. MARTIN

Chairman
ROGER ). BECKER RITA SERADERIAN
ANANT Y. DABHOLKAR DOUG MOORADIAN
GREG FORCE MICHAEL G. OLIVA
HARRY A. GLEICH WALTER ). PREBIS
3 ) EDWARD J. GREGORY JOHN SALMONS
e — - PHILLIP ). IVERSON KIM SEEBER
Fig. 5. First inclusion of prestressed concrete L. S. (PAUL) JOHAL IRWIN J. SPEYER
I h PAUL D. MACK EDWARD P. TUMULTY
provisions in 1963 ACI Code. MICHAEL ). MALSOM DON WEISS
W. MICHAEL McCONOCHIE
PCI Initiatives
; A S ACI CODE PCI PRACTICE
As chairman of the Technical Activities
CHAPTER 18 PRESTRESSED

Council in 1997, Thomas J. D’Arcy worked
with the PCI Building Code Committee to de-
velop a PCI Code of Practice which would in-
corporate proven design practices within the in-
dustry, but would not necessarily be in full
compliance with the ACI Building Code. In de-
veloping this report, more than fifty key design
engineers of precast/prestressed concrete struc-
tures were surveyed for their expertise, and

CONCRETE

18.4.1  Stresses in concrete immediately after prestress
transfer (before time-dependent prestress losses) shall not
exceed the following:

(a)E fiber stress in compressi 0.60f5

184.1  Recent research (see Strength Design of Preten-
sioned Flexural Concrete Members at Prestress Transfer
by Noppakunwijai, Tadros, Ma, and Mast, PCI JOURNAL,
January- February 2001, pp. 34-52) has shown that the
at transfer are more conservative

(b} Extreme fiber stress in tension excepl
as permitted in (c) ... Rk BN §

{c) Extreme fiber stress m tension at ends
of simply supported 641

than necessary, and have an effect on economy and safety.
It has been practice to allow pression up to
0.70f.. Other sections of the code define cracking stress as
7.5./f . sothe 64 f, is not consistent. There also does not
seem to be a logical reason for hmmng the transfer tension
at mid: to less than at the ends, since service load com-

Where computed tensile stresses exceed thesc values,
[¢

pression in the top is hlgher at midspan. Thus, at all sec-
tions, lensmn hmlls of 7. 51; f! are more conslstent with
Code p Ldtis ded that inal rein-

were asked to cite specific areas which differed
from ACI Code practice.
This effort resulted in the first “PCI Standard

stressed) shall be provided in the lcnsxle Zone to resist v.he

bonded additional d or pre-
foreement (at least 2 No. 4 or nominally tensioned strands)

total tensile force in
of an uncracked section.

d with the p be provided in tops of beams even when tension stress is
less than 7.5,(f7 .

Design Practice,” which was published in the
March-April 1997 issue of the PCI JOURNAL
(see Fig. 6).1 A revised edition of this document
was published in the January-February 2003 issue of the PCI
JOURNAL.! Note that the 1997 report also appears as an ap-
pendix in the Fifth Edition of the PCI Design Handbook. A
slightly revised version of the report will also be included in
the upcoming Sixth Edition of the Design Handbook.

The Standard Design Practice not only provides a forum
for the design of precast/prestressed concrete members in
compliance with current practice, but it also allows designers
to review the research or practice upon which the recommen-
dations were based. For each recommendation, an ACI 318
section is quoted, the PCI revisions suggested, and the tech-
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Fig. 6. PCl Standard Design Practice (1997).

nical work or research supporting the recommendation pro-
vided. Where needed, PCI has conducted additional research
to support these published design recommendations.

Already, this document and its supporting technical bases
have been used successfully to initiate changes in the ACI
Code. We are confident that this process will continue. PCI
will maintain its involvement in the ACI Code development
process, and would like to retain its ability to influence
timely changes that will benefit the precast/prestressed con-
crete industry, the engineering profession, designers and the
public.

PCI JOURNAL



ITDrecast Concrete Seismic Systems

Emulation of Jointed Precast,
Monolithic Relying on Unique
Behavior Properties

Fig. 7. Options for seismic-force-resisting systems of precast
concrete.

SEISMIC DESIGN PROVISIONS

The previous part discussed the role of the ACI Code with
regard to code provisions for precast/prestressed concrete.
These code provisions pertained mainly to non-seismic de-
sign issues. In the case of the model codes, the emphasis
will be on seismic issues.

Legality of Codes

It may not be widely understood that the ACI 318 Build-
ing Code Requirements for Structural Concrete, despite its
title, is a standard and not a code. A standard, unlike a code,
is not a legal document. A standard acquires legal authority
usually by a two-step adoption process. The first step is
adoption of the standard by a model code.'®** The second
step is adoption of that model code by the legal code of a
local jurisdiction (city, county, or state).

For instance, ACI 318-95% is currently law within the
State of California, because the 2001 California Building
Code? has adopted the 1997 Uniform Building Code,'®
which in turn has adopted ACI 318-95. In some cases, a
standard may be directly adopted by the legal code of a
local jurisdiction. For instance, ACI 318-89% is law within
the City of New York today, because the Building Code of
the City of New York, 2001 edition,?* has adopted ACI
318-89.

Until relatively recently, precast concrete structures could
be built in areas of high seismicity, such as California, only
under an enabling provision of ACI 318, which is adopted
by all the model codes. The provision allows precast con-
crete construction in a highly seismic area “if it is demon-
strated by experimental evidence and analysis that the pro-
posed system will have a strength and toughness equal to or
exceeding those provided by a comparable monolithic rein-
forced concrete structure....” The enforcement of this vague,
qualitative requirement was, for obvious reasons, non-uni-
form. The need for specific enforceable design requirements
for precast structures in regions of high seismicity was ap-
parent for quite some time.

The first set of specific design provisions ever developed
in the United States for precast concrete structures in regions
of high seismicity appeared in the 1994 edition of the Na-
tional Earthquake Hazards Reduction Program (NEHRP)
Recommended Provisions,” issued by the Building Seismic
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Emulation of Monolithic
Behavior

Monolithic Connections
(wet)
Meets prescriptive
requirements for monolithic

Strong Connections
(wet ordry)
Prescriptive requirements
contained in new code

TR

construction sections

Fig. 8. Options for emulation of monolithic behavior.

Safety Council (BSSC). These provisions have evolved sig-
nificantly since the publication of that document.

1994 NEHRP Provisions

The 1994 NEHRP Provisions presented two alternatives
for the design of precast lateral-force-resisting systems (see
Fig. 7). One choice is emulation of monolithic reinforced
concrete construction. The other alternative is the use of the
unique properties of precast concrete elements intercon-
nected predominantly by dry connections (jointed precast).
A “wet” connection uses any of the splicing methods of ACI
318 to connect precast or precast and cast-in-place members,
and uses cast-in-place concrete or grout to fill the splicing
closure. A “dry” connection is a connection between precast
or precast and cast-in-place members that does not qualify
as a wet connection.

Design procedures for the second alternative (jointed pre-
cast) were included in an appendix to the chapter on con-
crete in the 1994 NEHRP Provisions. These procedures
were intended for information and trial design only because
the existing state of knowledge made it premature to pro-
pose codifiable provisions based on information available at
that time.

1997 Uniform Building Code

The Ad Hoc Committee on Precast Concrete of the Struc-
tural Engineers Association of California (SEAQOC) Seis-
mology Committee used the 1994 NEHRP requirements for
precast concrete lateral-force-resisting systems as a starting
point for their work in developing a code change for the
1997 UBC. However, the committee decided to limit their
scope to frames only (excluding wall systems) and to the
monolithic emulation option only. Jointed precast concrete
is allowed only under the “unidentified structural systems”
provisions of the 1997 UBC.

For emulation of the behavior of monolithic reinforced
concrete construction, two alternatives are provided (see
Fig. 8): structural systems with “wet” connections and those
with “strong” connections. Precast structural systems with
wet connections must comply with all requirements applica-
ble to monolithic reinforced concrete construction. A strong
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2000 NEHRP Provisions

——‘ Precast Seismic SystemsJ—

The design provisions for pre-

cast structures in high seismic re-
gions have been greatly ex-

Monolithic Emulation I

| Jointed Precast

panded in the 2000 NEHRP

Provisions. The scope of these
provisions is illustrated in Fig. 9.

It should be apparent that virtu-

ral

“:;Tn?st St\r/L\l/:::gal h;f;Tninst St\r/l\;:::;a ally all viable options of precast
concrete construction have now

'—L—’ been considered.
t - - - : . - The 2000 NEHRP Provisions
Spocil | imemediat || Orinary | "specil [ Oinary || spocil || Soecis | | adopts ACI 318-99 by reference
(9.1.1.3) to regulate concrete design and
construction. Amendments are
——l made by inserting additional pro-
visions into, or revising the exist-
Strong Ductile Strong Ductile ing provisions of, ACI 318-99.
il I el I vl I e In ACI 318-99, the seismic risk
21115 of a region is described as low,

moderate or high. Chapter 21
contains specific requirements

Fig. 9. Seismic design requirements for precast/prestressed concrete structures in 2000

NEHRP Provisions.

connection is a connection that remains elastic while desig-
nated portions of structural members (plastic hinges) un-
dergo inelastic deformations (associated with damage)
under the design basis ground motion. Prescriptive require-
ments are given for precast frame systems with strong con-
nections. Such requirements for precast wall systems with
strong connections are not included.

The 1994 NEHRP Provisions also addressed emulation of
monolithic construction using ductile connections, covering
both frame and wall systems, where the connections have ad-
equate nonlinear response characteristics and it is not neces-
sary to ensure plastic hinges remote from the connections.
Usually, experimental verification is required to ensure that a
connection has the necessary nonlinear response characteris-
tics. The designer is required to consider the likely deforma-
tions of any proposed precast structure, compared to those of
the same structure in monolithic reinforced concrete, before
claiming that the precast form emulates monolithic construc-
tion. The 1997 UBC does not directly address emulation of
monolithic construction using ductile connections.

1997 NEHRP Provisions and
2000 International Building Code

The 1997 UBC provisions concerning the design of pre-
cast concrete structures in regions of high seismicity were
adopted into the 1997 edition of the NEHRP Provisions. The
first edition of the International Building Code, which is re-
placing the prior model codes (now called “Legacy Codes”)
as the basis of the building codes for many legal jurisdic-
tions, has its seismic design provisions based on the 1997
NEHRP Provisions. The design provisions for precast con-
crete structures exposed to high seismic risk are included.
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for the design of concrete struc-
tures in regions of high and mod-
erate seismic risk. Structures in
regions of low seismic risk need only meet the requirements
of Chapters 1 through 18 of ACI 318-99.

In the NEHRP Provisions, the applicability of Chapter 21
requirements depends not only on the region in which the
structure is located, but also on the occupancy of the struc-
ture and the characteristics of the soil on which it is
founded. In the 2000 NEHRP Provisions, these three con-
siderations are combined in terms of Seismic Design Cate-
gories (SDC) which are assigned letters A through F.

ACI 318-99 recognizes SDCs A and B as being equiva-
lent to regions of low seismic risk and needing only detail-
ing that meets the requirements of Chapters 1 through 18.
Structures assigned to SDC C are recognized as requiring
detailing mandated for regions of moderate seismic risk, and
structures assigned to SDCs D, E and F require detailing
prescribed for regions of high seismic risk.

Section numbers in Fig. 9 starting with the number 9 (for
ordinary structural walls) identify specific provisions of the
NEHRP Provisions. Section numbers starting with the num-
ber 21 identify specific provisions inserted into ACI 318-99.

The 2000 NEHRP Provisions requires that seismic-force
resisting systems in precast concrete structures assigned to
SDCs D, E and F consist of special moment frames, special
structural walls, and superior Type Z connections.

For structures assigned to SDC C, moment frames made
from precast elements must utilize, as a minimum, Type Y
connections. However, they can also have the tougher Type
Z connections if the designer so chooses. Structural walls
constructed with precast elements can be designed as ordi-
nary structural walls per Chapters 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 elements.
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Over the last decade, many advances have
been made in our understanding of the seis-
mic behavior of precast concrete frame struc-
tures. Those advances have made possible
the standardization by ACI of acceptance cri-
teria for concrete special moment frames,
based on validation testing, in ACI T1.1-01.%
That provisional standard, together with re-
search advances, has made possible the de-
velopment of criteria for the design of frames
constructed from interconnected precast ele-
ments. While criteria for such frames have
existed in the NEHRP Provisions since 1994,
the previous criteria were in an appendix and
contained penalties for the use of precast ele-
ments compared to monolithic concrete ele-
ments. Those penalties are eliminated in the
2000 NEHRP Provisions and the possible be-
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havioral benefits of using precast construc-

tion are recognized.
The studies that led to the development of

the acceptance criteria of ACI T1.1-01 for spe-
cial moment frames also catalyzed studies that
have resulted in the development of similar ac-
ceptance criteria for special structural walls.

The 2000 NEHRP Provisions requires that the substantiat-
ing experimental evidence and analysis for special structural
wall systems meet requirements similar to those of ACI
T1.1-99 for the design procedure used for the test modules,
the scale of the modules, the testing agency, the test method,
and the test report.

ACI 318-02

The 2002 edition of the ACI 318 standard, for the first
time, includes design provisions for precast concrete struc-
tures located in regions of moderate to high seismic risk or
assigned to intermediate or high seismic design categories
(C, D, E, or F). Fig. 10 illustrates the scope of these provi-
sions. It is evident that the scope is somewhat more limited,
when compared to that of the 2000 NEHRP Provisions. No-
tably, provisions for non-emulative design of precast wall
systems are not included in ACI 318-02. When the same
item is covered in both documents, the requirements are for
the most part similar.

A Progress Report

A Proposed Provisional Standard and Commentary titled
“Acceptance Criteria for Special Structural Walls Based on
Validation Testing” was developed by Neil Hawkins and
S. K. Ghosh in early 2003.?” This document defines the min-
imum experimental evidence that can be deemed adequate
to attempt to validate, in regions of high seismic risk or in
structures assigned to high seismic performance or design
categories, the use of structural walls (shear walls) for Bear-
ing Wall and Building Frame Systems (Section 9 of ASCE
7-02)% not satisfying fully the prescriptive requirements of
Chapter 21 of ACI 318-02.

November-December 2003

Fig. 10. Seismic design requirements for precast/prestressed concrete
structures in AC! 318-02.

The document consists of both a Provisional Standard and
a Commentary that is not part of the Provisional Standard.
The document has been written in such a form that its vari-
ous parts can be adopted directly into Sections 21.0, 21.1,
and 21.2.1 of ACI 318-02 and the corresponding sections of
ACI 318R-02. Among the subjects covered are requirements
for: procedures that shall be used to design test modules;
configurations for these modules; test methods; test reports;
and determination of satisfactory performance.

A PCl-initiated proposal to permit non-emulative design
of special precast concrete shear walls, using a modified
version of “Acceptance Criteria for Special Structural Walls
Based on Validation Testing,” has been approved for inclu-
sion in the 2003 edition of the NEHRP Provisions. This is a
significant milestone.

Future Course

If one follows the path that led to the inclusion of non-
emulative special moment frames in ACI 318-02, an Inno-
vation Task Group (ITG) must be formed within ACI to de-
velop a provisional standard similar to ACI T1.1-01 for
precast shear wall systems. Such a group, ITG 5, has in fact
been formed and has been charged with standardizing the
proposed “Acceptance Criteria for Special Structural Walls
Based on Validation Testing” by Hawkins and Ghosh.

If all goes well, a provisional standard may be approved
by the Standards Board of ACI by the fall of 2005. If this
transpires, it should be possible to have provisions included
in ACI 318-08, which would permit non-emulative design
of special precast structural walls using the provisional stan-
dard. ACI 318-08 will be the reference document for IBC
2009.
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CONCLUDING REMARKS

Much has been accomplished in the building codes arena
to enable the satisfactory design of precast/prestressed con-
crete structures exposed to high seismic risk. The 2000
NEHRP Provisions represents a culmination of efforts that
have been under way since the late 1980s. With the 2000 In-
ternational Building Code, precast/prestressed concrete
buildings can be designed with the necessary seismic detail-
ing and features to ensure adequate performance.

The 2002 edition of the ACI Building Code, for the first
time, contains design provisions for precast/prestressed
concrete structures exposed to high seismic risk. The provi-
sions include the non-emulative design of special precast
moment frames, but not special precast structural walls.
Work is now progressing towards the intended inclusion of
non-emulative design of special precast structural walls in
ACI 318-08.
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