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This Standard defines requirements that may be used to design 
special hybrid moment frames composed of discretely jointed 
precast concrete beams post-tensioned to concrete columns. 
After a major earthquake, these hybrid moment frames should 
exhibit minimal damage in beam-column regions and negligible 
permanent displacements. Hybrid moment frames do not satisfy the 
prescriptive requirements of Chapter 21 of ACI 318M-11 for frames 
of monolithic construction. According to 21.1.1.8 of ACI 318M-11, 
their acceptance requires demonstration by experimental evidence 
and analysis that the frames have strength and toughness equal to 
or exceeding those provided by comparable monolithic reinforced 
concrete frames that satisfy the prescriptive requirements of Chapter 
21. This Standard describes the requirements that the licensed 
design professional may use to demonstrate, through analysis, that 
such frames have strength and toughness at least equal to those of 
comparable monolithic frames. This Standard is a revision of the 
ACI T1.2 Standard.

In this Standard, consistent with the format of ACI 318M, the 
word “Section” is not included before a reference to a section of 
ACI 318M. To more clearly designate a section of 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, 
the word “Section” is also included before a reference to a section 
of ASCE/SEI 7.

Keywords: drift ratio; earthquake-resistant design; energy dissipation; 
moment frame; post-tensioning; precast concrete; prestressed concrete; test 
module; toughness.
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CHAPTER 1—GENERAL

1.1—Introduction
For regions of high seismicity, 21.1.1.8 of ACI 318M-11 

permits the use of structural systems that do not meet 
the prescriptive requirements of Chapter 21 if certain 
experimental evidence and analysis are provided. The intent 
of ACI 374.1 is to define the minimum evidence required 
when attempting to validate the use of weak-beam, strong-
column special moment frames in accordance with 21.1.1.8 
of ACI 318M-11.

Before acceptance testing can be undertaken, ACI 374.1 
requires that a design procedure be developed for prototype 
moment frames having the generic form for which acceptance 
is sought, and that procedure be used to proportion the test 
modules. ACI 550.3-13 defines the requirements to be used 
for one specific type of moment frame that does not fully 
satisfy the prescriptive requirements of Chapter 21 of ACI 
318M-11. This moment frame has been validated for use in 
regions of high seismicity under ACI 374.1 and ACI 318M. 
The moment frame uses precast concrete beams that are 
post-tensioned to precast or cast-in-place concrete columns. 
The columns are continuous through the joints and the beams 
each span a single bay. This Standard describes the frame 
as hybrid because it combines post-tensioned and precast 
concrete construction and combines the use of deformed 
reinforcement that is designed to yield with unbonded post-
tensioning tendons that are designed to remain essentially 
elastic during the design basis earthquake (DBE).

In this specific type of hybrid frame, the post-tensioning 
tendons are unbonded. Horizontal reinforcing bars grouted 
in ducts located in the columns and in the top and bottom 
of the beams, and described in this Standard as energy-
dissipating reinforcement, provide additional continuity 
between the beams and the columns, and additional moment 
strength to the beams. Those bars dissipate energy as they 
yield alternately in tension and compression during an 
earthquake.

A key feature of this system is that the grouted bars are 
deliberately debonded for a short distance in the beam 
adjacent to the beam-column interface to reduce the high 
cyclic strains that would otherwise occur at that location. 
Consequently, during an earthquake, the beams and columns 
displace essentially as rigid bodies with deformations 
occurring primarily at the beam-column interface as the 
beam rocks against the column.

A second key feature is that post-tensioning allows 
the columns to be built without the permanent corbels 
normally found in precast concrete construction. The post-
tensioning has two purposes. First, the friction induced by 
the post-tensioning transfers vertical shears at the interface 
between beam and column for both gravity and lateral 
loadings. Second, with the post-tensioning deliberately 
designed to remain essentially elastic during the DBE, the 
post-tensioning forces the moment frame to return to its 
undeformed position following the DBE.

R1—INTRODUCTION AND SCOPE

R1.1—Introduction
Laboratory studies (Stone et al. 1995; Hawkins and 

Ishizuka 1988; Priestley 1996; Priestley and MacRae 1994; 
Palmieri et al. 1996; Nakaki et al. 1999; Priestley et al. 1999; 
Day 1999) have shown that precast or prestressed concrete 
moment frames can provide safety and serviceability 
levels, during and after an earthquake, that meet or exceed 
performance levels required by 21.1.1.8 of ACI 318M-11. To 
achieve such performance levels, the precast or prestressed 
concrete moment frames should be carefully proportioned 
and detailed. This Standard is based on the studies reported 
by Stone et al. (1995), Hawkins and Ishizuka (1988), 
Priestley and MacRae (1994), Priestley (1996), Nakaki et al. 
(1999), Priestley et al. (1999), and Day (1999). It contains the 
minimum requirements for ensuring that one type of precast 
and prestressed concrete moment frame can sustain a series 
of oscillations into the inelastic range of response without 
critical decay in strength or excessive story drifts. Further, 
that frame should show only minimal or no damage in beam-
column joint regions and no permanent displacements after 
the oscillations cease.

A typical interior frame for this seismic-force-resisting 
system is illustrated in Fig. R1.1. Details for a vertical 
longitudinal section of the beam as it passes through the 
column are shown in Fig. R1.1(b), and details for cross 
sections of the beam at the column face (Section B) and on 
the centerline of the column (Section C) are shown in Fig. 
R1.1(c). The frame is composed of multistory columns to 
which single-bay precast concrete beams are connected. 
Except for possible yielding at the column bases, the 
interfaces between the precast beams and the continuous 
columns are the only locations where yielding of the 
reinforcement (nonlinear action location) occurs in the 
frame during a major earthquake. Crossing each interface 
are three deliberately debonded reinforcement elements: 
post-tensioned strands that extend the full length of the frame 
in the direction of its plane; and top and bottom deformed 
bar energy-dissipating reinforcement that is anchored by 
grouting in ducts preformed in the beam and column. The 
length over which the energy-dissipating reinforcement is 
debonded in the beam adjacent to the connection is selected 
deliberately to provide the desired design level of overall 
performance. Cheok et al. (1996) describes the development 
of a rational basis for the design procedures for a frame with 
equal strength for the top and bottom partially debonded 
energy-dissipating reinforcement and central post-tensioning 
tendons that remain elastic during a major earthquake. 
Stanton and Nakaki (2002) describe design guidelines 
for the same frame system using an iterative step-by-step 
procedure and displacement-based design procedures. 
Hawileh et al. (2006) provide nondimensional, noniterative, 
simplified design procedures for that same system for either 
displacement-based or force-based design procedures. 
Where force-based design procedures are used, ASCE/SEI 
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Under earthquake loading, the special moment frames 
described in this Standard are intended to behave differently 
than monolithic frames. Most of the deformations of the 
frames occur from the opening and closing of the joint at 
the interface between the precast beam and the column. 
Consequently, with the detailing procedures described in 
this Standard, damage during a major earthquake is limited 
in extent, confined essentially to the joint filler material, 
and is readily repairable after the earthquake. By contrast, 
monolithic frames designed to Chapter 21 of ACI 318M-11 
can suffer significant cracking, crushing, and spalling in the 
plastic hinging regions of the beam, the beam-column joint, 
or both, and repair can be costly. Further, monolithic special 
moment frames designed to Chapter 21 of ACI 318M-11 
may show permanent lateral deformations following a 
DBE, whereas the special moment frames described in this 
Standard do not.

The preceding paragraphs define the key characteristics of 
hybrid frames. The detailing requirements described in this 
Standard are for one specific type of special hybrid moment 
frame with:

a) Equal moment strengths for the top and bottom energy-
dissipating reinforcing bars that cross the interface 
between the precast beam and column;
b) Post-tensioning tendons that are unbonded from anchor 
to anchor and concentrically located within the cross 
section of the beam.
Special moment frames with unequal moment strengths for 

the top and bottom energy-dissipating reinforcing bars, and 
with amounts, location, and bonding of the post-tensioning 
tendons that differ from those described in this Standard, can 
be proportioned to have performance characteristics similar 
to the frames described in this Standard. However, research 
investigations additional to those completed to date, and 
modifications of the requirements described in this Standard, 
are needed before prescriptive provisions for the design of 
such frames can be formulated.

1.2—Scope
1.2.1 This Standard defines requirements for a certain 

type of hybrid special moment frame composed of precast 
concrete beams jointed at their connections to columns 
that are continuous past those joints. Whereas these frames 
do not satisfy all of the prescriptive requirements of 21.5 
through 21.7 of ACI 318M-11, analyses, tests, and reporting 
requirements in accordance with ACI 374.1 have established 
dependable and predictable strength, energy dissipation, 
stiffness, and drift capacities for characteristic beam-column 
configurations of the frames described in this Standard. 
Such special moment frames are permitted for structures 
assigned to SDC D, E, or F in accordance with 21.8.4 of ACI 
318M-11.

1.2.2 The intended user of this Standard is a licensed 
design professional experienced in earthquake-resistant 
design and precast concrete design and construction.

7 and ACI 318M-11 in combination permit the use of R, Cd, 
and Wo values for special hybrid moment frames designed 
in accordance with this Standard, which are the same as the 
R, Cd, and Wo values for monolithic cast-in-place moment 
frames designed in accordance with 21.5 through 21.7 of 
ACI 318M-11.
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Fig. R1.1—Typical moment frame composed from discretely jointed precast concrete 
members: (a) elevation of typical interior moment frame; (b) detail of connection—A; 
and (c) typical sections—B and C.
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1.2.3 The requirements of this Standard supplement those of 
ACI 318M-11 and the general building code, and shall govern 
in all matters pertaining to the design and construction of the 
hybrid special moment frames described in this Standard, 
except wherever this Standard is in conflict with requirements 
of the legally adopted general building code.

1.2.4 The requirements described in this Standard are for 
hybrid special moment frames with:

1. Equal moment strengths for the top and bottom energy-
dissipating bars that cross the interface between the precast 
beam and column; and
2. Post-tensioning tendons that are unbonded from anchor 
to anchor and concentrically located within the cross 
section of the beam.

1.2.5 All precast and reinforced concrete components and 
systems for the moment frames, and the associated gravity 
load frames, shall be designed to satisfy the requirements of 
ACI 318M-11 except as modified by this Standard.

1.2.6 The special inspection requirements of 1.3.5 of ACI 
318M-11 shall be satisfied for all precast and reinforced 
concrete components and systems for the special moment 
frames.

1.3—Structural drawings
Structural drawings of the moment frames shall show all 

features of the work, including those details essential for 
satisfactory earthquake-resistant performance of the frame. 
Essential details include:

a) Debonding the energy-dissipating reinforcement that 
crosses beam-column interfaces;
b) Anchoring the energy-dissipating reinforcement and 
tendons within beams and columns;
c) Developing floor slab-frame interactions that conform 
to those assumed in the contract documents.

1.4—Units
Values in this specification are stated in SI units. A 

companion specification in inch-pound units is also available.

R1.2.3 For the hybrid moment frames described in this 
Standard to be accepted as special moment frames, the special 
detailing of the frames should be properly executed through 
continuous inspection by properly qualified personnel.

R1.3—Structural drawings
Because reinforcement details in the region where the 

precast concrete beam is connected to the continuous column 
are essential to the satisfactory performance of the moment 
frame in a major earthquake, the details should be designed 
meticulously and fully documented on the structural 
drawings for each connection of the moment frame. For the 
energy-dissipating reinforcement, essential elements include 
the length that reinforcement is to be deliberately debonded, 
how it is to be debonded, and details of its anchorage in the 
adjacent precast beam and column. For the post-tensioning 
tendon, essential elements are how and where the tendon 
will be anchored, and how it will be ensured that the tendon 
remains debonded during the grouting of the joint between 
the precast beam and column. Further, because satisfactory 
performance of the hybrid moment frame requires that 
yielding be limited to the energy-dissipating reinforcement 
crossing the beam-column interfaces, floor slab details in 
that connection region should be planned and executed so 
that they do not adversely affect the effective strength or 
stiffness of the connection.
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CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation
Aj	 =	 effective cross-sectional area within a joint, mm2; 

21.7.4 .1 of ACI 318M-11
Aps	 =	 area of post-tensioning tendons crossing beam-

column interface, mm2

As	 =	 area of energy-dissipating top reinforcement 
crossing beam-column interface, mm2

As′	 =	 area of energy-dissipating bottom reinforcement 
crossing beam-column interface, mm2

Avc	 =	 area of closed hoops or spirals within a distance svc, 
mm2

b	 =	 width of compression face of precast beam, mm
C	 =	 compression force when probable flexural strength 

Mpr acts at interface, N
c	 =	 distance from extreme compression fiber of grout 

pad to neutral axis at beam-column interface, mm
d	 =	 distance from extreme compression fiber of grout 

pad at interface to centroid of energy-dissipating 
tension reinforcement, mm

db	 =	 bar diameter of energy-dissipating reinforcement, 
mm

E	 =	 load effects of earthquakes, or related internal 
moments and forces

fc′	 =	 specified compressive strength of concrete, MPa
fprs	 =	 stress in post-tensioning tendons when stress in 

energy-dissipating reinforcement is fu, MPa
fpu	 =	 specified tensile strength of post-tensioning 

tendons, MPa
fpy	 =	 specified yield strength of post-tensioning tendons, 

MPa
fse	 =	 effective stress in post-tensioning tendons (after 

allowance for all prestress losses), MPa
fu	 =	 specified tensile strength of energy-dissipating 

reinforcement crossing beam-column interface, 
MPa

fvcy	 =	 specified yield strength of closed hoops or spirals, psi
fy	 =	 specified yield strength of energy-dissipating 

reinforcement, MPa
h	 =	 overall thickness of precast beam of a moment 

frame, mm
hp	 =	 dimension of a column in direction of post-

tensioning tendon, mm
Lclear	 =	 clear span measured face-to-face of columns, mm
Lu	 =	 length over which energy-dissipating reinforcement 

crossing beam-column interface is deliberately 
debonded, mm

Lups	 =	 length associated with a given interface over which 
post-tensioning tendon is unbonded, MPa

ld	 =	 development length in tension for a straight 
deformed reinforcing bar, mm

Mpr	 =	 probable flexural strength at a beam-column 
interface of a precast concrete beam of moment 
frame, N.mm

R2—NOTATION AND DEFINITIONS

R2.1—Notation
Whereas areas of the top and bottom energy-dissipating 

reinforcement are designated as As and As′, respectively, 
those two areas are required to be equal for the special 
hybrid moment frames described in this Standard. Different 
symbols are used for the top and bottom reinforcement to 
facilitate discussion and not to imply that the two areas may 
differ.
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Mprs	 =	 contribution of post-tensioning reinforcement to 
Mpr, N.mm

Ms	 =	 contribution of energy-dissipating reinforcement to 
Mpr, N.mm

Mu	 =	 factored moment acting at beam-column interface 
of moment frame, N.mm

Nu	 =	 effective post-tensioning force Apsfse, N
svc	 =	 spacing of transverse reinforcement surrounding 

development length of energy-dissipating 
reinforcement, mm

Vc	 =	 nominal shear strength provided by concrete, N
VD	 =	 shear force due to unfactored dead load, N
VL	 =	 shear force due to unfactored live load, N
Vn	 =	 nominal shear strength, N
Vu	 =	 factored shear force at section, N
ab	 =	 coefficient quantifying the effective additional 

debonded length for energy-dissipating reinforcement 
at Mpr

b1	 =	 factor defined in 10.2.7.3 of ACI 318M-11
Dprs	 =	 additional elongation of post-tensioning tendon at 

Mpr, mm
Ds	 =	 elongation of energy-dissipating reinforcement at 

Mpr, mm
ef	 =	 strain in energy-dissipating reinforcement at its 

fracture
eprs	 =	 strain in post-tensioning tendon when stress in 

energy-dissipating reinforcement is fu

ese	 =	 strain in post-tensioning tendon due to effective 
prestress only (after allowance for all losses)

esu	 =	 strain in energy-dissipating reinforcement at 
elongation Ds

eu	 =	 strain in energy-dissipating reinforcement at its 
tensile strength fu

qL	 =	 drift angle, radians
qLdesign	=	 drift angle at design displacement, radians
qLmax	 =	 drift angle capacity at Mpr, radians
f	 =	 strength reduction factor
l	 =	 overstrength factor for column
m	 =	 coefficient of friction

2.2—Definitions
ACI provides a comprehensive list of definitions through 

an online resource, “ACI Concrete Terminology,” http://
terminology.concrete.org. Definitions provided herein 
complement that resource. These definitions are additional 
to those of 2.2 of ACI 318M-11 and of ACI 374.1.

energy-dissipating reinforcement—reinforcement 
(nonprestressed) that crosses the interface between the 
precast beam and the column, is debonded for a specified 
length in the beam adjacent to the beam-column interface, 
conforms to Section 6.2, and is designed to yield in the DBE.

nonlinear action location—interface where end of 
precast beam of moment frame meets column face.

seismic reinforcement—reinforcement that conforms to 
21.1.5 of ACI 318M-11.

R2.2—Definitions
For consistent application of this Standard, it is necessary 

that terms be defined where they have particular meanings in 
this Standard. The definitions given are for use in application 
of this Standard only and do not always correspond to 
ordinary usage. A glossary of most-used terms relating to 
cement manufacturing, concrete design and construction, 
and research in concrete is available through an online 
resource “ACI Concrete Terminology,” http://terminology.
concrete.org.

The term “nonlinear action location,” which is introduced 
in the National Earthquake Hazard Reduction Program 
(NEHRP) of the Federal Emergency Management Agency 
(FEMA) (1997), prompts the licensed design professional 
to recognize differences between the behavior of hybrid 
moment frames formed from discretely jointed precast 
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