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This standard defines procedures that may be used to design special
precast concrete shear walls, coupled or uncoupled, composed of
discretely jointed precast panels that are vertically post-tensioned to the
foundation with unbonded tendons. Such walls are suitable for use in
regions of high seismicity and for structures assigned to high seismic
design categories. After a major seismic event, these walls can be expected
to exhibit minimal damage in the flexural hinging region at the base of the
wall as well as negligible permanent displacements. Such walls do not
satisfy the prescriptive requirements of Chapter 18 of ACI 318-14 for shear
walls of monolithic construction. According to 18.2.1.7 of ACI 318-14, their
acceptance requires demonstration by experimental evidence and analysis
that the walls have strength and toughness equal to or exceeding those
provided by comparable monolithic reinforced concrete walls that satisfy
the prescriptive requirements of Chapter 18. This standard describes the
procedures that the designer may use to demonstrate, through analysis,
that one type of unbonded post-tensioned precast wall has strength and tough-
ness at least equal to that of comparable special reinforced concrete monolithic
walls. The standard consists of Design Requirements and a Commentary.

Among the subjects covered in these Design Requirements are require-
ments for:

1. Materials, including considerations for the coupling or connection
devices, that provide the primary source of energy dissipation for the wall system;

ACI Committee Reports, Guides, Manuals, Standard
Practices, and Commentaries are intended for guidance in
planning, designing, executing, and inspecting construction.
This document is intended for the use of individuals who are
competent to evaluate the significance and limitations of its
content and recommendations and who will accept
responsibility for the application of the material it contains.
The American Concrete Institute disclaims any and all
responsibility for the stated principles. The Institute shall not
be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.
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2. Individual walls, including considerations to ensure ductility,
energy dissipation, integrity, stiffness, and strength; and

3. Coupled walls, including considerations of the roles of the post-
tensioning tendons and coupling devices in providing energy dissipation,
and strength and stiffness for coupled walls greater than the sum of those
provided by the coupled walls acting as separate units.

The Commentary references documentary evidence, additional to the
references of ACI 550.6 and Chapter 18 of ACI 318R-14, that supports these
Design Requirements. In this standard, however, no comparison is made
between the performance of precast test modules satisfying the prescriptive
requirements of ACI 318 and modules satisfying these Design Require-
ments but not satisfying ACI 318. Such comparisons, both experimental
and analytical, are available in the cited references.

All references to ACI 318 and ACI 318R in these Design Requirements
and Commentary refer to ACI 318-14 unless another edition of ACI 318 is
specifically designated. All references to ASCE/SEI 7 in these Design
Requirements and Commentary are to ASCE/SEI 7-10, including third
printing updates.

In this standard, consistent with the format of ACI 318-14, the word
“Section” is not included before a reference to a section of ACI 318-14. To
more clearly designate a section in this standard, however, the word
“Section” is used before any reference to a section of this standard.
Consistent with the format of ASCE/SEI 7-10, the word “Section” is
included before a reference to a section of ASCE/SEI 7-10.

Keywords: coupling devices; drift angle; energy dissipation; lateral resis-
tance; post-tensioning; precast concrete; prestressed concrete; seismic
design; special shear wall; test module; toughness.
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CHAPTER 1—GENERAL
1.1—Introduction

For regions of high seismic risk, where structures assigned
to Seismic Design Category (SDC) D, E, or F shall be used,
18.2.1.7 of ACI 318 permits the use of structural systems that
do not meet the prescriptive requirements of Chapter 18 if
certain experimental evidence and analysis are provided (all
references to ACI 318 and ACI 318R in this standard refer to
ACI 318-14 unless another edition of ACI 318 is specifically
designated). The intent of ACI 550.6 is to define the
minimum experimental evidence that is deemed sufficient to
permit the use of unbonded post-tensioned precast structural
wall systems, in accordance with 18.2.1.7 of ACI 318, when
those systems do not satisfy fully the prescriptive require-
ments for wall systems in Chapter 18 of ACI 318.

Before validation testing can be undertaken, ACI 550.6
requires that a design procedure be developed for prototype
wall systems having the generic form for which acceptance
is sought, and that design procedure is used to proportion the
test modules. This standard defines the design procedure for
a specific type of wall system that does not satisfy the
prescriptive requirements of Chapter 18 of ACI 318, but is
validated for use in regions of high seismicity under ACI
550.6. The wall system uses precast concrete panels that are
post-tensioned to the foundation and intended to rock on that
foundation under seismic actions.

For coupled walls, coupling devices located along the
vertical boundaries of adjacent walls provide the required
energy dissipation and energy-dissipating reinforcement that
crosses the wall-foundation interface is unnecessary. During
an earthquake, the coupled walls displace as rigid bodies that
are tied together. Wall deformations occur primarily at the
interface between each individual wall and the foundation,
with each wall rocking separately at that interface.

The unbonded post-tensioning has two purposes. First, the
post-tensioning steel is deliberately designed to remain
essentially elastic during the design basis earthquake (DBE),
defined in ASCE/SEI 7, so that it forces the walls to return to
their undeformed positions following the event. Second, the
friction induced by the post-tensioning and gravity loading
on the wall transfers the horizontal shears due to lateral loadings
at the interfaces between the wall and the foundation and
between the precast panels of the wall.

The detailing procedures described in this standard are for
one specific type of unbonded post-tensioned precast shear
wall system, coupled or uncoupled. Four statements define
key characteristics of uncoupled and coupled unbonded
post-tensioned precast concrete cantilever shear walls that
satisfy this standard:

(a) Post-tensioning tendons unbonded from an anchor in
the foundation to an anchor at the top of the wall and located
in a single duct on the vertical centerline of the wall or, if
needed, in two or more ducts positioned symmetrically on
either side of that vertical centerline and within 10% of the
wall length from that centerline;

(b) Precast panels one story or more in height; and

(c) For uncoupled walls, two sets of en Qﬁ&bm@nts

reinforcing bars crossing the intoiface ‘et“ﬁﬁ%lﬁli‘ﬁelﬂwgﬁaring Hub
American Concrete Institute Copyrighted Material—www.concrete.org
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most precast panel of the wall and the foundation and with
the sets located symmetrically about the vertical centerline
of the wall; or

(d) For coupled walls, energy-dissipating coupling devices
for a given vertical joint between coupled walls, of equal
strength, at least two in number for each coupled edge of a
panel in the wall, and positioned so that the width of the
vertical joint between panels remains approximately
constant in width as the walls rock on their bases.

R1.1

Large-scale laboratory experiments (Bora et al. 2007;
Perez et al. 2003; Priestley et al. 1999; Rahman and
Restrepo 2000; Santana 2005) have shown that unbonded
post-tensioned precast concrete cantilever shear walls can
provide safety and serviceability levels, during and after an
earthquake, that meet or exceed performance levels required
by 18.2.1.7 of ACI 318 and ACI 550.6. Analytical studies
(Kurama 2002; Perez et al. 2004a,b; Rahman and Restrepo
2000, Stanton and Nakaki 2002; Thomas and Sritharan
2004; Sritharan et al. 2007) have shown that to achieve such
performance levels, the shear walls should be proportioned
and detailed in accordance with specific considerations.
This standard is developed from the aforementioned studies
and related references. This standard contains the minimum
requirements for ensuring that one type of unbonded post-
tensioned precast concrete cantilever shear wall system,
uncoupled or coupled, can sustain a series of oscillations into
the inelastic range of response without critical decay in strength
or excessive story drifts. Further, that shear wall should show
only minimal or no damage to the wall, and minimal or no
permanent displacements after the oscillations cease.

In this specific type of coupled or uncoupled wall system, the
post-tensioning tendons are unbonded and designed to remain
elastic during the DBE. Except at the foundation, the hori-
zontal joints between the precast panels that make up a canti-
lever wall are designed to remain closed during an earthquake.

For uncoupled walls, vertical reinforcing bars grouted
into ducts located in the wall panels abutting the foundation
and in the foundation, and described in this standard as
energy-dissipating reinforcement, provide energy dissipation
as they yield alternately in tension and compression during
an earthquake. These bars also provide continuity additional
to the post-tensioning between the cantilever wall and the
foundation, and additional moment strength for the wall. The
grouted bars are deliberately debonded for a specific
distance in the panel adjacent to the wall-foundation interface
to reduce the high cyclic strains that would otherwise occur
at that location. Consequently, during an earthquake, the
cantilever wall can displace essentially as a rigid body.
Vertical deformations occur primarily at the wall-foundation
interface as the wall rocks against the foundation.

Under seismic loading, the special shear walls described
in this standard are intended to behave differently than
monolithic shear walls. Most of the deformations of the walls
occur from the opening and closing of the joint at the interface
between the precast walls and the foundation. Consequently,

damage during a DBE event is limited in extent, confined
essentially to the wall to foundation joint filler material or to
the concrete cover over the boundary element reinforcement
at the wall toes, and can be readily repaired after the earth-
quake. By contrast, monolithic walls, coupled and uncou-
pled, designed to Chapter 18 of ACI 318, can suffer
significant cracking, crushing, and spalling in the plastic
hinging regions at the base of the walls, in the coupling
beams, or both, and repair can be costly. Further, mono-
lithic special shear walls designed to Chapter 18 of ACI 318
may show permanent lateral deformations following a DBE
event whereas the special shear walls described in this stan-
dard should not.

Precast shear walls with the following can be propor-
tioned to have performance characteristics similar to the
walls described in this standard:

1. Unbonded tendons that cross the wall-foundation inter-
face at locations along the length of the wall that are more
than 10% of the wall length from its vertical centerline; or

2. Uncoupled walls with energy dissipation devices having
characteristics differing from those for the energy-dissi-
pating reinforcement described in Section 1.1(c) and posi-
tioned differently along the length of the wall; or

3. Coupled walls with coupling elements connecting
vertical boundaries of adjacent walls and having character-
istics for the coupling elements differing from those for the
coupling devices described in Section 1.1(d).

Research investigations additional to those completed to
date, and modifications of the procedures described in this
standard, however, are needed before prescriptive provisions
for the design of such precast shear walls can be formulated.

1.2—Scope

1.2.1 This standard defines design requirements for a
certain class of unbonded post-tensioned precast concrete
shear walls that can be used as special reinforced concrete
shear walls for Bearing Wall and Building Frame Special
Reinforced Concrete Shear Wall Systems, as defined in
ASCE/SEI 7.

1.2.2 The requirements described in this standard are for
special unbonded post-tensioned precast shear walls with:

1. Essentially planar proportions in the vertical direction,
no significant discontinuities in plan, in vertical configuration,
or in their lateral-force-resisting system, and designed to
have a single critical section for flexure and axial loads at the
base of the shear wall;

2. Post-tensioning tendons unbonded from anchor to
anchor and located in a single duct at the centroid of the
transverse cross section of the wall, or in an additional two
or more ducts positioned symmetrically on either side of that
centroid and within 10% of the shear wall length from that
centroid; and

3. Energy dissipation provided: a) for uncoupled walls by
energy-dissipating reinforcement that crosses the interface
between the base of the wall and the foundation; and b) for

coupled walls by coupling devices Glumal‘&S

with the detailing procedures described in this standard, vertical boundaries of shes. wills, nu@g%%é%gﬁ\éqif@ Hub
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each connected vertical boundary of each precast panel, and Sealed end
are dlstrlbuteq uniformly over the hel.ght gf thf'l panel. . / Precast concrete
R1.2.2 While the shear walls described in this standard do / wall panel
not fully satisfy the prescriptive requirements of Chapter 18 Unbonded
of ACI 318, analyses and tests, and reporting consistent with / post-tensioning
the intent of the requirements of ACI 550.6, have established tendon
dependable and predictable strength, energy dissipation, — Duct
stiffness, and drift capacities for the characteristic wall Energy /
dissipating Horizontal joint between

configurations described in this standard. The main features
of the wall systems covered by this standard are illustrated
in Fig. R1.1(a) and (b). Details for a typical uncoupled
cantilever shear wall are shown in Fig. R1.1(a), and details
for typical coupled shear wall systems in Fig. R1.1(b). For Gap

walls designed in accordance with this standard, the number \@ Foundation
of upper panels can be greater or less than the two panels
shown in Fig. Rl.1(a) and each panel can be one or more
stories in height.

The uncoupled cantilever shear wall in Fig. R1.1(a) is a
planar wall composed of three precast concrete panels and
intended for use in a building that is three stories high. Fig. R1.1(a)—Main features of uncoupled unbonded post-
Except for two regions where large compressive stresses tensioned precast shear wall.
develop in the concrete and the associated reinforcement
near the toes of the wall, the only reinforcement yielding in

reinforcement precast panels within wall

Grout bed

Region of large
compressive strains

-—

Trailing Leading
tension under lateral loading is the energy-dissipating Roof ‘”a”] ‘”a"] rocast concrete wall panel
reinforcement that crosses the wall-foundation interface. . L Vercatnt btween coupled wals
The unbonded length and prestress level for the central tendon 5"‘“"‘”—_> | coupling cevice
is deliberately selected so that the prestressing steel does not - Horizontal joint between
vield as a result of the opening of the gap at the wall base at dhfoor — 2 precast panets witi vl
the design displacement. The deformed bar reinforcement oo | Unbonded post-tensioning tendon
for energy dissipation is anchored by grouting in ducts g O
preformed in the lower-most panel and the foundation. The 2ndfloor Pt
length over which the energy-dissipating reinforcement is —- Grout bod
debonded in the panel adjacent to the wall-foundation interface oo / Foundation
and the position of the two sets of bars either side of the /

center of the wall are selected deliberately to provide the
desired design level of overall performance. The axial load
stress level in the wall due to combined gravity load and
prestressing is relatively low and, therefore, the neutral axis

(i) Two-wall system

. . . . Trailing Intermediate Leading
depth at the wall-foundation interface that gives rise to the Roof wall wall wall
region of high compressive strains in the toe of the wall is ] Precast concrete wall panel
relatively small sthf —_— /—Venical joint between coupled walls
. loor ]

| ——Coupling device

/ Horizontal joint between
precast panels within wall

For the coupled planar two- and three-wall systems shown
in Fig. R1.1(b), each wall is composed of three precast
panels and each system is for a building five stories in
height. The upper panels in each wall are two stories in
height while the lower-most panel, where large compressive 2nd floor /EIOC:OUt
stresses develop in the toe of the wall under lateral loading, / G::z:m e
is detailed differently than the upper panels. Energy dissipation 1<t foor S L / Foundation
is provided by connection devices that can yield and are /
located, with at least two per panel, along the vertical edges
that are coupled. The shearing displacements imposed on the
devices are a direct function of the gap opening allowed at the
wall-foundation interface under the design displacement. The
prestress level for the central tendon in each wall is selected so
that the prestressing steel does not yield under the gap opening
imposed by the design displacement. The axial load stress yield strength of the connection devices. Because of the
level imposed on each wall at the design displacement is a greater weight of the precast panels and theD@GUJ?@zentS
function of the gravity load, the prestress level, and the effective of the tendons for the coupled walis of Kig R (B} @Haring Hub

4th floor

L Unbonded post-tensioning tendon

3rd floor o Duct

G

(ii) Three-wall system

Fig. R1.1(b)—Main features of coupled wall systems.
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compared with the uncoupled wall of Fig. R1.1(a)), blockouts
may need to be provided on the line of the tendons and at the
bottom of each panel for the location of access to couplers
for the prestressing tendons.

1.2.3 All precast and reinforced concrete components and
systems for the shear wall, energy dissipation and coupling
devices, and associated gravity load systems, shall be
designed to satisfy the requirements of ACI 318 except as
modified by this standard.

1.2.4 All precast, prestressed, and reinforced concrete
components and systems for the shear wall system, including
energy dissipation and coupling devices and associated
gravity load systems, shall meet the quality assurance
requirements of Appendix 11A of ASCE/SEI 7. Require-
ments of Sections 11A.1.3.2, 11A.1.3.3, and 11A.1.3.4 shall
apply for any shear wall panel element constructed on or off
site, for assembly and post-tensioning operations on site, and
for construction and installation of coupling devices.

R1.2.4 For the shear wall systems described in this stan-
dard to be accepted as special shear wall systems defined by
ASCE/SEI 7, the periodic special and continuous special
inspection requirements during steel placement, welding
operations, grouting, and concrete placement need to be
properly executed by personnel who are qualified to perform
the work and such inspection should be specified in the
contract documents.

1.3—Drawings

Drawings of the shear walls and associated framing shall
show all features of the work, including those details essential
for satisfactory seismic performance of the wall system,
associated gravity load systems, and any special tolerances
associated with construction. Essential details for the walls
include: anchoring the post-tensioning tendons within the
foundation and at the top of the walls; uncoupled walls of
debonding and anchoring the energy-dissipating reinforce-
ment that crosses the interface between the base of the wall
and the foundation; coupled walls for fabricating coupling
devices, anchoring them to the walls and connecting them to
one another; anchoring seismic reinforcement at precast panel
boundaries; and developing floor slab-wall-frame interactions
that conform to those assumed in the design documents.

R1.3

Because reinforcing details at the base of the wall and at
the location of the coupling devices for coupled walls are
essential to the satisfactory performance of walls in a major
seismic event, details should be designed meticulously and
fully documented on the drawings for each connection of a
wall to the foundation and for each device that connects
coupled walls. For uncoupled walls with energy-dissipating
reinforcement, essential elements include the location of the
reinforcement along the wall to foundation interface, the
length of the reinforcement that is deliberately debonded,
how the reinforcement is debonded, details of its anchorage

ances associated with installation. For the post-tensioning
tendon, essential elements are how and where the tendon
will be anchored and, if appropriate, coupled, and how it
will be assured that the tendon remains debonded during the
grouting of the joint between the wall and the foundation and
during any grouting of joints between wall panels.

CHAPTER 2—NOTATION AND DEFINITIONS
2.1—Notation
A = area of post-tensioning tendons crossing wall-

” foundation interface, in.2 (mmz)

s area of energy-dissipating reinforcement crossing

wall-foundation interface, in.2 (mmz)

depth of equivalent rectangular stress block for

confined concrete, in. (mm)

a,, = radius of 180-degree bend for connecting link
measured to its inside face, in. (mm)

b, = width of connecting link bar, in. (mm)

C = compression force on toe of wall when probable
flexural strength M), acts at wall-foundation
interface, 1b (N)

c = distance from extreme compression fiber of grout

pad to neutral axis of wall at wall-foundation
interface, in. (mm)

D, = self-weight of wall plus any dead loads acting on
it, including the self-weight of components
directly attached to the wall, 1b (N)

d, = bar diameter of energy-dissipating reinforcement,
in. (mm)

d,, = distance center to center of prongs of connecting
link of U-shaped flexure plate (UFP) coupling
device, in. (mm); refer to Fig. R7.1

E = load effects of earthquakes or related internal

moments and forces
E modulus of elasticity of reinforcement and struc-
tural steel, psi (MPa)

e = distance between centroid of wall and centroid of
energy-dissipating reinforcement located furthest
from the compression toe of wall, in. (mm)

F.,, = force in coupling device at drift angle corre-
sponding to design displacement, 1b (N)

J. = specified compressive strength of concrete, psi (MPa)

fee = stressin confined concrete in toe of wall, psi (MPa)

fi, = effective lateral confining stress provided by
transverse reinforcement in toe of wall, psi (MPa)

Jors = stress in post-tensioning tendons when stress in
energy-dissipating reinforcement is f,,, psi (MPa)

Jou = specified tensile strength of post-tensioning
tendons, psi (MPa)

Jpy = specified yield strength of post-tensioning
tendons, psi (MPa)

Jeew = specified tensile strength of connecting link steel,
psi (MPa)

Jie = effective stress in post-tensioning tendons (after
allowance for all prestress losses), psi (MPa)

Ju = specified tensile strength energy-dissipating

reinforcement croszing wall QCLIT

in the wall panel and the foundation, and any special toler- psi (MPa)
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1y specified yield strength of energy-dissipating & = strain in energy-dissipating reinforcement at its
reinforcement, psi (MPa) fracture

Syt specified yield strength of transverse reinforce- €ys = strain in post-tensioning tendon when stress in
ment in wall, psi (MPa) energy-dissipating reinforcement is f;,

h,, height of wall, in. (mm) €eu = strainin connecting link steel at its fracture

K, elastic stiffness of connecting link of UFP &, = strain in post-tensioning tendon due to effective
coupling device, in.-1b (Nm) prestress only (after allowance for all losses)

L, effective height of plastic hinging zone in toe of &, = strain in energy-dissipating reinforcement at
wall, in. (mm) elongation A

L, length over which energy-dissipating reinforce- €u = ultimate specified strain capacity of transverse
ment crossing wall-foundation interface is delib- reinforcement in toe of wall
erately debonded, in. (mm) €, = strain in energy-dissipating reinforcement at its

Lyps length over which post-tensioning tendon is tensile strength f,
unbonded, in. (mm) W = coefficient of friction

ta development length in tension for a straight Aprs = additional elongation of post-tensioning tendon at
deformed reinforcing bar, in. (mm) probable flexural strength, in. (mm)

by overall length of individual wall at wall-founda- Ay = elongation of energy-dissipating reinforcement at
tion interface, in. (mm) probable flexural strength M), in. (mm)

Mgy, design moment for wall providing greater, or greatest, 0, = drift angle, radians
resistance for coupled wall system, in.-Ib (Nm) OLdesign = drift angle at design displacement, radians

M, nominal flexural strength, in.-Ib (Nm) Ormax=  drift angle at probable flexural capacity, radians

My, probable flexural strength of uncoupled wall at the A = modification factor related to unit weight of
wall-foundation interface, see Section 5.6.3 or concrete; refer to ACI 318
probable flexural strength of wall system for A, = participation factor for wall of coupled wall system
coupled walls at wall-foundation interface, see p, = redundancy factor as defined in ASCE/SEI 7
Sect19n 6.'6'2’ in.-Ib (Nm). . . pg = ratio of volume of hoop or spiral reinforcement to

Mprs contrl'butlon of post-tensioning reinforcement to total volume of core confined by hoop or spiral
Mpr ,.1n.—1b (Nm) . . p, = ratio of volume of rectangular hoops in direction

Mpse plas.tlc .rnoment strength of connecting link parallel to major axis of compressed area to total
sectl(?n, lfl"lb (Nm) o ) volume of core confined by hoop

M, contrlbu'tlon of energy-dissipating reinforcement py = ratio of volume of rectangular hoops in direction
to My, in.-1b (Nm) ] parallel to minor axis of compressed area to total

M, factored moment acting on wall or wall system, volume of core confined by hoop
in.-Ib (Nm) ] Q, = overstrength factor as defined in ASCE/SEI 7

n number of walls .m wall §ystem o o = strength reduction factor

Reon number of coupling devices per vertical joint for
coupled wall system 2 9__Definitions

T post-tensioning force, 1b (N) The following definitions, additional to those of 2.3 of

Lo thickness of connecting link bar, in. (mm) ACI 318 and of ACI 550.6, shall apply.

by width of compression face of wall at wall-founda- coupling devices—mechanical devices connecting adjacent
tion interface, in. (mm) boundaries of precast structural walls and providing stiffness

Vi shear strength of wall foundation interface for i-th and energy dissipation for the connected walls greater than
wall, Ib (N) the sum of those provided by the connected walls acting as

Va nominal shear strength, Ib (N) separate units. The mechanical devices consist of connecting

Vi nominal shear strength of wall foundation interface, links that cross the interface between adjacent precast panels
1b (N) and anchorages that attach those connecting links to the panels.

Veeu nominal shear capacity of UFP coupling device, reinforcement, energy-dissipating—reinforcement
1b (N) (nonprestressed) crossing the wall-foundation interface and

o factor relating average effective stress for depth of designed to yield over a specified unbonded length during a
compression block at toe of wall to f, design event. Refer to Section 6.4.

oy, coefficient quantifying the effective additional reinforcement, seismic—reinforcement that conforms to

debonded length for energy-dissipating reinforce-
ment at probable flexural strength
factor relating depth of equivalent rectangular stress

ASTM A706 or reinforcement that conforms to ASTM A615
Grades 40 or 60 (ASTM A615M Grades 280 or 420) and has
an actual yield strength not greater than the specified yield

block for confined concrete to neutral axis depth
maximum usable strain in extreme compression
fiber of wall

strength by more than 18,000 psi (125 MPa).and a ratio of
actual tensile strength to actual yie!d streng chlslsments
1.25. Refer to 20.2.2.5 of ACI 31%.
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