
This is the second in a series of three papers discussing 
significant modifications expected to be included in the 
2000 NEHRP Provisions, dealing with the design of precast, 
prestressed concrete seismic-force-resisting systems. These 
modifications are expected to be part of the 2003 edition of the 
International Building Code.

In the May-June 2000 issue of the PCI JOURNAL, the 
history and development of the requirements of the 
NEHRP  (National Earthquake Hazards Reduction Pro-

gram) Recommended Provisions1 for precast and prestressed 
concrete structures were discussed.

In this article, the specifics of the requirements of the pro-
posed 2000 NEHRP Recommended Provisions for seismic-

force-resisting frame and structural wall systems composed 
of precast and prestressed concrete elements are given and 
the basis for those provisions is documented. 

The revisions discussed in this article are related to Pro-
posal 4-37 and the associated commentary. That proposal 
and its commentary can be viewed on the internet at www.
bssconline.org.
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ORGANIZATION OF  
SEISMIC-FORCE-RESISTING  

SYSTEM PROVISIONS
Discussed first is the organization 

of seismic-force-resisting system 
provisions.

Table 1 identifies the systems and 
connections covered by the proposed 
provisions and shows how the provi-
sions are organized.  The information 
concerning the systems is also pre-
sented in Fig. 1. Concrete Structure 
Design Requirements will appear in 
Chapter 9 of the 2000 NEHRP Provi-
sions. The 2000 NEHRP Provisions 
will adopt ACI 318-992 as the basic 
reference document for concrete struc-
tures in Section 9.1.

The NEHRP Provisions then amend 
ACI 318-99 by inserting additional 
provisions into, or revising the existing 
provisions of, ACI 318-99. Bold face 
numerals in Table 1 and Fig. 1 starting 
with the number 9 identify specific 
provisions of the NEHRP Provisions. 

Bold face numerals starting with the 
number 21 identify specific provisions 
inserted into ACI 318-99. With one 
exception, all the seismic-force-resist-
ing system requirements of the 2000 
NEHRP Provisions, relating to precast 
and prestressed concrete, are placed in 
a new Section 21.11 added to Chapter 
21 of ACI 318-99.

In ACI 318-99, the  seismic risk of 
a region is described as low, moderate 
or high. Chapter 21 contains specific 
requirements for the design of con-
crete structures in regions of high and 
moderate 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 seismic risk at the lo-
cation of the structure but also on the 
occupancy of the structure and the 
characteristics of the soil on which it 
is founded. In the NEHRP Provisions, 
the three considerations are combined 

in terms of Seismic Design Categories 
(SDC) which are assigned letters A 
through F.

ACI 318-99 recognizes SDCs A and 
B as being equivalent to regions of 
low seismic risk and needing only de-
tailing that meets the requirements of  
Chapters 1 through 18.  Structures as-
signed to SDC C are recognized as 
requiring detailing mandated for re-
gions of moderate seismic risk and 
structures assigned to SDCs D, E and 
F require detailing prescribed for re-
gions of high seismic risk. The rela-
tion between the ACI designation of 
seismic risk and the NEHRP Seismic 
Design Categories is shown in Rows 1 
and 2 of Table 1.

For precast and prestressed concrete 
structures assigned to SDCs D, E and 
F, special moment frames, special 
structural walls, and Type Z connec-
tions must be used in seismic-force-
resisting systems. For the design and 
detailing of special moment frames or 
special structural walls, the designer 

	 Seismic Risk Category

	 Seismicity	 	 High	 Moderate	 Low

	 Seismic Design Category
	 System
	 F, E, and D	 C	 B and A

	 Moment Frame	 Emulation	 Special Moment	 Intermediate Moment Frame – 	 No Requirement
			   Frame Strong	 21.10.7
			   Connections – 
			   21.11.5

			   Ductile Connections
			   Wet or Dry – 
			   21.11.3.1

		  Non-Emulative	 Interconnected with 
			   Dry Connections – 
			   21.11.4.1

	 Structural Walls	 Emulation	 Special Structural	 As Ordinary Wall – 21.1	 No Requirement
			   Wall
			   Strong Connections
			   N/A

			   Ductile Connections – 
			   21.11.4.2

		  Non-Emulative	 Interconnected with 
			   Dry Connections – 
			   21.11.4.2

	 Connections	 Connection Type Z – 21.11.6.5		  Connection Type Y – 21.11.6.4	 No Requirement
	 21.11.6	 1. Spr = 1.4 Sy		  1. Spr = 1.25 Sy
		  2. Anchor for 1.3 Spr		  2. Anchor for 1.3 Spr
		  3. Strut and tie model for connection region design	 3. Anchor directly connected to main 
		  4. Confinement if f c > 0.7 f 'c		      reinforcement
		  5. Ductility capacity > 8.0		  4. Ductility capacity > 4.0

Table 1. 2000 NEHRP Provisions for Precast Concrete Seismic-Force-Resisting Systems.
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can use either emulation procedures or 
procedures that recognize the unique 
properties of a structure composed of 
interconnected precast elements (non-
emulative).

For structures assigned to SDC C, 
moment frames made from precast ele-
ments must utilize, as a minimum, Type 
Y connections. However, they may also 
have the tougher Type Z connections if 
the designer so chooses. Structural walls 
composed from precast elements can be 
designed as ordinary structural walls per 
Chapters 1 through 18 of ACI 318-99 
with the requirements of Chapter 16 su-
perseding those of Chapter 14 and with 
Type Y connections, as a minimum, 
between elements.

SPECIAL MOMENT FRAMES
For precast and/or prestressed con-

crete special moment frames, hinge 
locations (nonlinear action locations), 
must be selected so that there is a strong 
column/weak beam deformation mech-
anism under seismic effects, regardless 
of whether emulative or non-emulative 

design procedures are used. 

Emulative Design

Requirements for design of precast 
and prestressed concrete special mo-
ment frames, utilizing procedures and 
details that result in a structure with a 
behavior under seismic loading emulat-
ing that of cast-in-place special moment 
frames, were first introduced into the 
NEHRP Provisions in the 1994 Edi-
tion.  Two design alternatives were pro-
vided and those alternatives, with minor 
changes, have been carried over into the 
2000 NEHRP Provisions.

One procedure allows elements to be 
joined using ductile connections and the 
other allows elements to be joined using 
strong connections. A strong connec-
tion is designed to remain elastic while 
inelastic action takes place away from 
the connection. Because a strong con-
nection must not yield or slip, 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 flexural 

or shear strengths at nonlinear action 
locations.

Ductile connections, on the other 
hand, have adequate nonlinear re-
sponse characteristics, making it un-
necessary to ensure nonlinear action 
locations remote from connections.  
Typical connection configurations are 
shown in Fig. 2. Additional informa-
tion on the behavior and design of 
precast concrete structures using emu-
lative procedures is contained in Refs. 
3 through 6.

Ductile Connections — Where ele-
ments are joined using ductile connec-
tions, the aggregate interlock that is 
present at hinge locations in monolithic 
construction is unlikely to exist for pre-
cast concrete construction. Therefore, 
to prevent shear slip when the moment 
acting at the hinge location is at its 
maximum probable value of Mpr, the 
co-existing shear must not exceed half 
the sum of the nominal shear strengths, 
Sn Connection, of all the connections at 
the hinging section. The nominal shear 
strength, Vn, of the section where the 
connection is made must also not be 

Fig. 1. NEHRP 2000 requirements concerning precast concrete seismic systems.
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less than the shear strengths of the 
members immediately adjacent to the 
connection.

Individual connections must sat-
isfy Type Z connection requirements. 
Those connections can be either “wet” 
or “dry.” A wet connection is defined 
as one that uses any of the splicing 
methods (mechanical, welded or lap) 
specified in Chapter 21 of ACI 318-
99 to connect precast members or pre-
cast and cast-in-place members, and 
uses cast-in-place concrete or grout to 
fill the splicing closure. One type of 
ductile wet connection widely used in 
emulative design is the “splice sleeve” 
connection.7,8 Other connections with 

similar ductility capabilities have re-
cently become available or are under 
development.

Strong Connections — Where 
strong connections are used, the nonlin-
ear action location (center of the non-
linear action region) must be no closer 
to the near face of the strong connec-
tion than half the member depth. Thus, 
for a frame with strong connections 
at the beam-to-column interface, rein-
forcement details must result in beam 
hinging no closer than half the beam 
depth away from the column face (see 
Fig. 3). Any strong connection located 
outside of the middle half of the span 
of the beam must be a wet connection 

unless a dry connection can be justified 
by approved cyclic test results. 

Non-Emulative Design

Over the last decade many ad-
vances have been made in our under-
standing of the seismic behavior of 
precast/ prestressed concrete frame 
structures, as a result of the NIST,9,10,11 
US-PRESSS12,13,14 and JAPAN-PRESSS 
research programs. Those advances 
have made possible the provisional 
standardization by ACI15 of acceptance 
criteria for concrete special moment 
frames based on validation testing. That 
provisional standard, together with the 

Fig. 2.  
Typical precast connection 
configurations.
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research advances, has made possible 
the development of criteria for the de-
sign of frames constructed from inter-
connected precast elements.

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 concrete elements 

compared to monolithic concrete ele-
ments. Those penalties are eliminated 
in the 2000 Provisions and the possible 
behavioral benefits of using precast 
construction are recognized.

The complexity of structural sys-
tems, configurations and details pos-
sible with the use of precast elements 
requires:

Fig. 3. Example showing nonlinear action region and location.

Fig. 4. Illustration of connection configuration.

1. The selection of functional and 
compatible details for connections and 
members that are reliable and can be 
built with acceptable tolerances.

2. Experimental and analytical ver-
ification of force-deformation rela-
tionships for critical connections of 
the proposed seismic-force-resisting 
system.

3. Design of the building using 
those force-deformation relationships 
and recognizing the loading effects 
likely to be imposed by the anticipated 
ground motions.

Traditionally, designers have had 
the flexibility to widely vary connec-
tion details within prescribed code 
requirements. For non-emulative spe-
cial moment frame design, that flex-
ibility is sharply curtailed because 
experience shows that small design 
changes can have marked effects on 
the building response in an earth-
quake. Thus, ACI/ITG T1.1-99 re-
quires a prior development program, 
including both analytical and experi-
mental investigations of a proposed 
seismic-force-resisting system, before 
any validation testing of critical de-
tails of the generic frame is under-
taken. That ACI Provisional Standard 
requires that:

1. A minimum of one module of 
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each characteristic configuration of 
intersecting beams and columns in the 
generic moment frame be subject to 
validation testing (see Fig. 4).

2. That testing be conducted at a 
scale large enough to capture the full 
complexities and behavior of the ma-
terials and load transfer mechanisms 
in the prototype frame. Test modules 
must be not less than one-third scale.

3. The first loading cycle applied to 
the module be within the linear elastic 
response range of the module.

4. Test modules be subject to a se-
quence of displacement controlled drift 
cycles of increasing magnitude that 
are representative of the drift cycles 
expected under earthquake motions 
(see Fig. 5). Testing is to be continued 
until the drift ratio (see Fig. 6) equals 
or exceeds 0.035.

For acceptance of the generic frame, 
the nominal strength, En, must be de-
veloped before the drift raio exceeds 
the allowable story drift limitation of 
the governing building code (Value 
B in Fig. 7); and the characteristics 
of the third complete cycle for each 
test module, at a drift ratio not less 
than 0.035, must satisfy the following 
criteria:

Fig. 5. Cyclic deformation history for validation testing.

Fig. 6.  
Definition of drift 
ratio.15

1. The peak force for a given load-
ing direction must be not less than 
75 percent of the peak lateral load 
for the same loading direction (Value 
A in Fig. 7).

2. The relative energy dissipation 
ratio, β, must not be less than one-
eighth. That ratio equals the area 
within the hysteretic loop divided by 
the areas of the circumscribing paral-
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lelograms defined by the initial stiff-
ness for each loading direction during 
the first loading cycle and the peak 
resistance for that same direction dur-
ing the third cycle to a drift ratio of 
0.035 (see Fig. 8).

3. The secant stiffness between drift 
limits of -0.0035 and +0.0035 must be 
not less than 0.05 times the initial stiff-
ness of the module for the first loading 
cycle (see Fig. 9).

The studies that lead to the specifica-
tion of a limiting drift ratio of 0.035 
are documented in the Commentary to 
ACI/ITG T1.1-99. Conventional cast-
in-place special moment frames con-
forming to Chapter 21 of ACI 318-99 
will have limiting drift ratios approach-
ing 0.035 but they may be unable to 
achieve that limit on a consistent basis 
for the range of properties found in 
practice.11 Thus, precast/prestressed 
special moment frames in the 2000 
NEHRP Provisions are being held to 
a standard at least as high as that for 
cast-in-place special moment frames.

Some strength degradation at high 
cyclic-drift ratios is inevitable and 
the degree of degradation that can be 
expected will increase with increase 
in the limiting drift ratio. A strength 

degradation of 25 percent is consis-
tent with analytical and experimental 
findings for a drift ratio of 0.035. For 
a given earthquake motion, the maxi-
mum drift experienced by a structure 
increases as its relative energy dissipa-
tion ratio decreases.

If the relative energy dissipation 
ratio is less than one-eighth, oscil-
lations may continue for a consider-
able time after the earthquake and low 
cycle fatigue effects can result. If the 
stiffness is very small around zero drift 
ratio, the structure is prone to large 
displacements for small lateral force 
changes following a major earthquake 
and is, therefore, vulnerable to low 
cycle fatigue effects in aftershocks and 
moderate winds.

For precast/prestressed special 
moment frames, the 2000 NEHRP 
Provisions add three additional items 
to the ACI/ITG T1.1-99 criteria as 
follows:

1. The test modules must be shown 
to be able to continue to carry the 
gravity loads that act on them in the 
generic frame at a 0.05 drift ratio. 
This requirement was considered 
necessary to document that the pre-
cast/prestressed frame had a tough-

ness equivalent to that anticipated for 
a cast-in-place concrete frame.

2. Unless there was substantial ex-
perimental evidence obtained in a prior 
development program, the validation 
tests of ACI/ITG T1.1-99 must be con-
ducted at full scale and be at least two 
in number for each characteristic con-
figuration of intersecting beams and 
columns.

While the Commentary to T1.1-99 
implies that experimental evidence 
should be obtained in a prior devel-
opment program, the Provisional 
Standard does not require it. Rather, 
T1.1-99 requires only that, prior to the 
validation testing, a design procedure 
should have been developed for the 
generic frame, and that procedure used 
to proportion the test modules.

In the NEHRP Provisions, the num-
ber of tests required in the prior de-
velopment program is not specified. 
However, the results for the several 
different frame systems studied in the 
PRESSS (Precast Seismic Structural 
Systems) program suggest that five 
or more tests at one-quarter scale or 
greater should be made in order to 
provide the range of experimental in-
formation needed to develop a math-

Fig. 7.  
Quantities used in 

evaluating acceptance 
criteria.
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ematical model sufficiently accurate 
for purposes of analysis.

3. The special moment frame must 
be designed using the nonlinear re-
sponse history analysis procedure 
specified in Section 5.8 of the 2000 
NEHRP Provisions, using the force-
deformation characteristics for the 
nonlinear action locations obtained 
from the module tests.

The 2000 NEHRP Provisions re-
quires designs to be carried out using 
structural analyses conforming to one 
of six types. Those types are Index 
Force Analysis, Equivalent Lateral 
Force Analysis, Modal Response Anal-
ysis, Linear Response History Anal-
ysis, Nonlinear Static Analysis, and 
Nonlinear Response History Analysis.

The type of analysis required de-
pends on the SDC of the structure, its 
height and irregularity. The typical 
cast-in-place special moment frame 
in structures with a limited degree of 
irregularity and not more than 17 or 18 
stories in height can be analyzed with 
any one of the foregoing six proce-
dures except Index Force Analysis.

By contrast, a precast special mo-
ment frame can be designed using Non-
linear Response History Analysis only. 

That method requires that a mathemati-
cal model be used for the structure that 
directly accounts for the nonlinear hys-
teretic behavior of the components of 
the structure. That model is then used 
to determine the response of the struc-
ture, through methods of numerical in-
tegration, to suites of ground motion 
compatible with the design response 
spectrum for the site of the structure.

Use of Nonlinear Response History 
Analysis is required for non-emula-
tive precast concrete special moment 
frames. This is because none of the 
other four procedures permitted for 
cast-in-place frames can realistically 
capture the strength and deformation 
demands placed on the structure by 
the range of structural characteristics 
permitted by T1.1-99.

SPECIAL  
STRUCTURAL WALLS

The studies that led to the devel-
opment of the acceptance criteria of 
T1.1-99 for special moment frames 
also catalyzed studies that have re-
sulted in the development of similar 
acceptance criteria for special struc-
tural walls.16 The validity of those cri-

teria for walls have been demonstrated 
by the results of tests in the direction 
of the structural walls of the PRESSS 
five-story building.14

The 2000 NEHRP Provisions require 
that the substantiating experimen-
tal evidence and analysis for special 
structural wall systems meet require-
ments similar to those of 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. The minimum test module 
must be a stack of wall panels at least 
two stories high.

Based on the work described in Ref. 
16, the test module must perform sat-
isfactorily under cyclic loading at a 
limiting drift ratio that is a function of 
the characteristics of the wall and is 
given by the criterion:

       1.0 ≤ Δ /hw (percent) = 
         0.67 [hw /lw] + 0.5 ≤ 3.0          (1)

where
hw = height of entire module
lw = length of entire module 
Criterion 1 was derived after an ex-

amination of results from tests on 178 
cast-in-place walls with aspect ratios 

Fig. 8.  
Relative energy dissipation 
ratio.15
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(hw/lw) between 0.25 and 3.53. Those 
results clearly showed, as apparent 
from Fig. 10(a), that the limiting drift 
ratio at the peak load varied linearly 
with the aspect ratio and varied be-
tween about 0.67 and 3.0 percent. For 
ductile behavior, some post-peak deg-
radation must be expected, although 
the acceptable degree should be less 
for walls than for frames because the 
limiting drift ratio is less for walls.

Analysis showed the acceptable de-
gree of degradation should be limited 
to 20 percent for walls as compared 
to 25 percent for frames. For that 
condition, Criterion 1 combines the 
drift predictions for a simple math-
ematical model of a wall hinging at 
its base and the use of a maximum 
displacement ductility factor of eight 
to assess the limiting drift. The rela-
tionship derived between displace-
ment ductility and limiting drift for 
varying hw/lw values is compared to 
the 0.035 limiting drift for frames in 
Fig. 10(b).

For the third cycle at a drift ratio 
equaling or exceeding the value 
given by Criterion 1, the 2000 
NEHRP Provisions requires that the 

test module exhibit: 
1. A degradation in post-peak ca-

pacity not exceeding 20 percent.
2. A relative energy dissipation 

ratio, defined in the same manner as 
in ACI ITG/T1.1-99 (see Fig. 8) that 
equals or exceeds 15 percent.

3. A stiffness around zero drift that 
equals or exceeds that required by the 
acceptance criteria of ACI ITG/T1.1-
99 (see Fig. 9).

The basis for the slightly higher 
energy dissipation ratio required for 
walls than for frames is also docu-
mented in Ref. 16. In the five-story 
PRESSS building tests, a pair of 
vertically coupled precast panel 
structural wall stacks were used, 
with each of the stacks having cen-
trally located unbonded post-ten-
sioned tendons.

The results of those PRESSS tests 
for the shear wall direction and an-
alytical studies of precast post-ten-
sioned walls reported in Refs. 14 and 
16 validate the appropriateness of the 
criteria specified in the 2000 NEHRP 
Provisions for structural walls con-
structed from precast panels.

CONNECTIONS

Dry connections for seismic-force-
resisting systems are classified into 
two types, namely, Type Y and Type Z. 
At nonlinear action locations, displace-
ments both in the direction of action 
of the connection, and transverse to 
it, must be controlled.  For example, 
if a sliding shear connection is to be 
provided between two precast concrete 
members, then there must also be a tie 
between the two members to prevent 
the sliding surfaces from separating.

Type Y connections must be able to 
develop, for the flexure, shear, or axial 
load, or combinations of those quanti-
ties expected to act on the connection, 
a probable strength, Spr, determined 
using a φ value of unity, that is not less 
than 125 percent of the yield strength 
of the connection. In essence, the con-
nection must be able to strain harden.

Under cyclic loading the connection 
must be able to develop a displace-
ment, at Spr, that is at least 4.0 times 
its displacement at yield. The anchor-
age of the connection into the precast 
member on either side of a joint must 
be designed to develop in tension 1.3 

Fig. 9.  
Unacceptable hysteretic 

behavior.15

-0.0035

0.0035
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times Spr, and be connected directly 
by a Type 2 splice to the principal 
reinforcement of the precast or cast-in-
place element.

For Type Z connections, Spr must be 
not less than 140 percent of the yield 
strength of the connection, and under 
cyclic loading the connection must 
be able to develop a displacement at 
Spr that is at least eight times its dis-
placement at yield. The anchorage 
for the connection must also meet in 

both tension and compression all the 
requirements for Type Y connections. 
Equilibrium based plasticity models 
(strut-and-tie models), as described 
in 18.13.5 of ACI 318-99, are to be 
used for the design of the connection 
region.

Confinement reinforcement in the 
form of closed hoops or spirals with a 
yield force not less than 0.05 times the 
compressive force and with a spacing 
not greater than 3 in. (76 mm) must be 

Fig. 10. Basis for Criterion 1 for special structural walls.

provided around the anchorage where 
the local compressive stress at Spr ex-
ceeds 0.7 f ′c . The connection region 
is defined in the same manner as “an-
chorage zone” in Section 2.1 of ACI 
318-99.

The testing of connections and the 
evaluation of results must be made 
in accordance with the principles of 
ACI ITG/T1.1-99. Appropriate pro-
cedures for testing connections will 
be described in more detail in the 
next issue of the PCI JOURNAL in 
the discussion of the design provi-
sions for untopped diaphragms con-
tained in the Appendix to Chapter 9 
of the 2000 NEHRP Provisions. Con-
nections at nonlinear action locations 
in modules of frames and structural 
walls used for validation testing are 
deemed to satisfy the provisions for 
connections if the results for the test 
module satisfy the acceptance crite-
ria for frames or structural walls, as 
appropriate.

concluding  
remarks

The 2000 NEHRP Provisions are 
expected to include expanded seis-
mic design provisions for precast, pre-
stressed concrete lateral-force-resist-
ing systems. Emulative design, where 
parity with the seismic performance 
of cast-in-place reinforced concrete 
structures is sought, and non-emula-
tive design, where the unique proper-
ties of precast concrete construction 
are sought to be taken advantage of, 
are both permitted to be used. Emula-
tive design procedures are prescribed 
for special moments frames as well as 
for special structural walls (suitable 
for use in Seismic Design Categories 
D, E and F).

Under the special moment frame 
provisions, designers may utilize 
strong connections which remain 
elastic as inelastic action takes place 
away from those connections, or they 
may utilize ductile connections in 
which seismic energy dissipation is 
allowed. Only the ductile connection 
option is available under the special 
structural wall provisions. Non-emu-
lative design procedures are also pre-
scribed for special moment frames as 
well as for special structural walls.
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