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Unbonded post-tensioned precast concrete beam
column subassemblages have been studied in 
previous research and were found to be a 
promising seismic resistant structural system. The 
behavior of two six-story unbonded post-tensioned 
frames is studied using nonlinear push-over static 
analyses and time-history dynamic analyses. Two 
analytical models are developed for the analyses; 
the fiber model and the spring model. The results 
show that the behavior of unbonded post
tensioned precast frames , in particular, the 
strength, ductilitYt and self-centering capabilitYt is 
more than adequate for severe earthquake loading. 

P 
recast concrete structural systems for buildings are 
cost-efficient systems which provide high quality, 
and fast, easy erection on site. However, the research 

performed on precast concrete structural systems is limited 
compared to research on reinforced concrete systems. As a 
result, the U.S. model building codes include detailed seis
mic design provisions for cast-in-place reinforced concrete 
structural systems, but include only general provisions for 
the design of precast concrete structural systems. 

In response to the recognized need for research on precast 
concrete systems for seismic regions, the PRESSS (Precast 
Seismic Structural Systems) research program was initiated 
in 1990. 1 The PRESSS research program is a coordinated 
program of analytical and experimental research intended to 
develop seismic resistant structural systems and seismic de
sign provisions for precast concrete structures. The research 
desc ribed in this paper was performed as part of the 
PRESSS program. 
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This paper focuses on unbonded 
post-tensioned precast concrete 
frames. Prototype frames are dis
cussed first. Then, the behavior of 
beam-column connections/subassem
blages is discussed. Criteria are then 
proposed for the design of unbonded 
post-tensioned precast frames. The de
sign of the prototype frames according 
to the design criteria is then discussed. 
Finally, the results of static and dy
namic analyses of the prototype 
frames are presented and discussed. 

SELECTION OF 
PROTOTYPE FRAMES 

The prototype structures investi
gated in this paper are six-story office 
buildings. The layout of the lateral and 
gravity load frames of the prototype 
structures is shown in Fig. l(a). An el
evation view showing the story 
heights and precast concrete compo
nents is given in Fig. 1 (b) . The build
ing layout is adopted from the layout 
suggested by Nakaki and Englekirk.2 

The lateral load system is comprised 
of four unbonded post-tensioned pre
cast frames, two for each direction, lo
cated on the perimeter of the plan. The 
lateral load resisting frames (prototype 
frames) also carry gravity loads. The 
floor system consists of 24 in. (610 
mm) deep double tees running in the 
north-south direction of the building. 
The floor system is provided with a 
2.5 in. (64 mm) thick cast-in-place 
concrete topping. 

SUBASSEMBLAGE BEHAVIOR 
AND MODELING 

Unbonded post-tensioned precast 
concrete frames are designed as "duc
tile frames ," in which the nonlinear/in
elastic deformations occur only in the 
connections. Therefore, the frame be
havior is controlled by the beam-col
umn connection behavior. To investi
gate the beam-column connection 
behavior, a subassemblage is cut from 
the frame at the locations of hypotheti
cal points of inflection located at mid
height of the columns and midspan of 
the beams (see Fig. 2) . 

The subassemblage consists of con
nected beam and column segments 
with boundary conditions typical of 
beam-column subassemblage test 
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Fig. 1. Prototype frames: (a) layout of prototype building; (b) elevation view of 
prototype frames. Note: 1 ft = 305 mm. 

specimens. The beam-column connec
tion is considered to be the part of the 
beam adjacent to the column. The 
post-tensioning steel is unbonded 
through the column and for some dis
tance through the beams on each side. 

The flexural behavior of an un
bonded post-tensioned beam-column 
connection is characterized by gap 
opening/closing at the beam-column 
interface upon loading/unloading. Un
like cast-in-place connections, the in
elastic deformations are concentrated 
in the connection region where a 

"crack" already exists between the 
precast beam and column segments. In 
addition, because the post-tensioning 
steel is unbonded, additional flexural 
cracks do not form in the beam in the 
connection region. 

The load-deflection behavior of the 
subassemblage is essentially nonlinear 
elastic as shown in Fig. 3. Although 
this behavior provides little energy 
dissipation, a frame utilizing this type 
of connection can be designed to re
turn to its original position without 
residual displacement (self-centering) 
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Fig. 2. Unbonded post-tensioned precast beam-column subassemblage. 

and to retain its initial stiffness after a 
design level earthquake . The un
bonded length of the post-tensioning 
steel can be designed to allow the dis
placement demand of the design level 
earthquake to be reached without 
yielding of the post-tensioning steel. 
Consequently, the prestressing force 
can be maintained through the load
ing/unloading cycles . A wide gap 
(crack) is expected at the beam-col
umn interface, and the associated con
crete compression strains near the gap 
are likely to be large. Therefore, spiral 
reinforcement (see Fig. 2) is necessary 
to confme the concrete. 

Shear deformations occur in the 
beam-column subassemblage, includ
ing the beam-column panel zone . 
Shear deformations in the beams and 

Fig. 3. 
Nonlinear elastic 

load-deflection 
behavior. 
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columns should be kept in the elastic 
range. Moreover, shear slip at the 
beam-column interface should be pre
vented by providing an appropriate 
clamping force through the connection 
that is sufficient for all load condi
tions. Compared to a bonded post-ten
sioned connection, an unbonded post
tensioned connection maintains its 
initial clamping force through much 
larger levels of drift, because inelastic 
deformation of the post-tensioning 
steel is delayed. 

Two analytical models have been 
developed for the beam-column sub
assemblage: the fiber model (FM), and 
the spring model (SM)Y Fig. 4 shows 
the two models which use elements 
from the computer program DRAIN-
2DX.5 

In the FM, the behavior of the con
crete in the beam-column connection 
region is modeled using fiber beam
column elements. Other elements used 
in the FM include: (1) elastic beam
colunui elements to model parts of the 
beams and columns where only linear 
elastic deformations are expected to 
occur; (2) truss elements to model the 
unbonded post-tensioning steel; (3) a 
zero-length spring element to model 
the panel zone shear deformations; ( 4) 
rigid links and rigid end zones to 
model the axial and flexural deforma
tions of the portions of the beams and 
columns within the panel zone, re
spectively; and (5) rigid links to tie the 
truss element end nodes to the adja
cent fiber nodes at the locations of the 
post-tensioning steel anchorages. 

In the SM, the nonlinear behavior of 
an unbonded post-tensioned precast 
beam-column connection is modeled 
using a zero-length rotational spring 
element, which replaces the fiber and 
truss elements in the FM. The SM is 
expected to give less accurate results 
than the FM. However, the hysteretic 
behavior of the SM can be directly 
controlled varying a factor (ar), unlike 
the hysteretic behavior of the FM, 
which depends directly on the behav
ior of the concrete and steel fibers 
used to model the beam cross section. 
This feature of the SM is used in para
metric studies of the dynamic response 
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of the prototype frames , as discussed 
later. 

The FM and the SM are verified by 
comparing their behavior with the re
sults of a test conducted at NIST on 
Specimen GPZ4.6 Fig. 5(a) shows the 
experimentally determined hysteretic 
behavior of NIST Specimen GPZ4, 
plotted as lateral load versus lateral 
deflection. Figs. 5(b) and (c) show the 
hysteretic behavior of this specimen 
predicted by analysis using the FM 
and the SM, respectively. 

Both models provide a good esti
mate of the hysteretic behavior of the 
test specimen. In particular, the initial 
stiffness and the strength are accu
rately predicted by both models. The 
hysteresis loops of the analytical mod
els appeared to be narrower than the 
test results which indicates that the 
models underestimate the energy dis
sipation of the specimen. 

BEHAVIOR OF 
BEAM-COLUMN 
CONNECTIONS 

The moment-rotation behavior of an 
unbonded post-tensioned beam-col
umn connection is characterized by 
several limit states, which are related 
to the stress-strain state of the concrete 
and the stress-strain state of the post
tensioning steel. The following discus
sion is based on studies of a large 
number of unbonded post-tensioned 
beam-column connections.3·4 

Fig. 6 shows the typical moment-ro
tation behavior of a connection de
signed to have yielding of the post
tensioning steel before failure 
(crushing) of the confined concrete. 
Fig. 6 also shows a trilinear idealiza
tion of the moment-rotation behavior. 
Five limit states are identified. 

State 1 is the decompression limit 
state. It represents the beginning of 
gap opening at the beam-column inter
face, when the concrete reaches zero 
stress at the extreme fiber of the beam. 
Increasing the moment beyond the de
compression moment (Mdec) causes : 
(1) an initiation of gap opening and an 
increase in the length of the gap open
ing along the interface which results in 
geometric softening of the connection; 
and (2) an increase in the stress and 
strain in the concrete which eventually 
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Fig. 4. Analytical models: (a) fiber model (FM); (b) spring model (SM). 

results in concrete softening. Both of 
these effects gradually soften the mo
ment-rotation behavior of the beam
column connection. 

State 2 is the linear limit state 
(M11,011). This is the state at which the 
moment-rotation behavior signifi
cantly deviates from the initially linear 
behavior and begins to soften dramati
cally. The linear limit is not well de
fined in terms of the stress-strain state 
of the concrete or the post-tensioning 
steel. 

State 3 is the cover spalling limit 
state. This is the state at which the un
confined concrete cover spalls. At this 
state, a rapid decrease in the uncon
fined concrete stress takes place, caus-

ing a decrease in the slope of the beam 
moment-rotation relationship. 

State 4 is the yield limit state 
(My, Oy)· This is the state at which the 
post-tensioning steel reaches the limit 
of proportionality (jp1) on the post-ten
sioning steel stress-strain curve. The 
yield limit state is the upper bound on 
the elastic behavior of the beam-col
umn connection. Beyond this state, the 
post-tensioning steel deforms inelasti
cally, but the inelastic strain in the 
post-tensioning steel is small, because 
the inelastic strain is spread over the 
unbonded length. 

State 5 is the ultimate limit state 
(Mu11,0ulc). This is the state when the 
strain in the extreme fiber of the con-
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fined concrete reaches its ultimate 
strain (Ec11 ) which is defined by frac
ture of the spiral reinforcement. A 
sudden failure is expected because a 
large volume of confined concrete will 
fail when the spirals fracture. 

An idealized trilinear moment-rota
tion behavior for unbonded post-ten
sioned beam-column connections has 
been developed for use in the design 
of these connections. The idealization 
is based on approximate formulas for 
estimating the moment and rotation at 
three limit states, namely, the linear 

limit, the yield limit, and the ultimate 
limit states. The moment is calculated 
at the beam-column interface, while 
the rotation is calculated as the differ
ence between the rotation at the col
umn face and the rotation of the sec
tion (at a hypothetical point of 
inflection) at the midspan of the beam. 

The derivation of the approximate 
formulas is based on several assump
tions, the most important is that, in 
axial-flexural deformation, plane sec
tions are assumed to remain plane 
after loading. Table 1 gives the ap-
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proximate formulas used for the tri
linear idealization. The detailed 
derivation of the approximate form u
las can be found in the reports by El
Sheikh et al. 3

•
4 

Estimation of the Linea r Limi t 
(M 11,811) - The linear limit moment 
(M11) is considered to be the smaller of 
two values; the first value accounts for 
concrete softening and the second 
value accounts for geometric softening 
due to gap opening. The first value of 
M11 is the moment calculated by in
cluding the concrete cover, treating all 
the concrete as unconfined, assuming 
the extreme fiber strain of the concrete 
is 0.003, and assuming the force in the 
post-tensioning steel is the initial force 
(neglecting post-tensioning steel elon
gation). The second value of M11 con
siders the opening of the gap at the 
beam-column interface. Typically, the 
effect of the gap opening on the slope 
of the moment-rotation curve is small 
until the gap opening length has prop
agated beyond the section centroid.7 

Based upon studies of numerous 
beam-column connections using the 
fiber model, in which softening was 
not significant until the gap opening 
length propagated over 75 percent of 
the section depth, the linear limit mo
ment which accounts for gap opening 
was selected to be 2.5Mdec· The linear 
limit rotation ( 811) is calculated assum
ing the beam is uncracked, i.e., based 
on the initial stiffness of the moment
rotation curve. 

Estimation of th e Yield Limit 
(My, Oy) - The estimation is based on 
several assumptions, the most impor
tant are: (1) the elastic flexural defor
mations over the length of the beam 
are negligible, since the rotation due to 
gap opening and deformation of the 
concrete near the beam-column inter
face is dominant, and the elastic defor
mations of the rest of the beam are 
small, (2) the center of rotation at the 
beam-column interface is at the neu
tral axis, and (3) the cover concrete 
has spalled . 

Estimation of the Ultimate Limit 
(M11u,Ouu) - Referring to Fig. 6, the 
beam ultimate moment (M 1111 ) is as
sumed equal to the yield moment 
(My). The main factors affecting the 
ultimate rotation capacity ( 81111) are the 
ultimate concrete strain (Ecu) and the 
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failure length of the confined concrete 
adjacent to the beam-column interface 
(Lcr) shown in Fig. 2. Lcr can be esti
mated from the dimensions of the con
fined concrete in compression in the 
beam-column connection at the ulti
mate limit. In this study, Lcr is taken as 
the minimum of the confined concrete 
width (b") and two times the stress 
block depth (2a"). The curvature is as
sumed constant over Lcr and the elastic 
deformations over the remaining 
length of the beam are neglected. 

PROPOSED 
DESIGN APPROACH 

A proposed design approach, based 
on the equivalent lateral force proce
dure of the NEHRP seismic design 
provisions8 is described in this sec
tion. To provide sufficient ductility, a 
frame is designed so the failure 
mechanism is a beam sway mecha
nism, where hinges form at the beam
column connections and at the bases 
of the columns. A capacity design 
concept is used to ensure that the re
mainder of the frame will remain lin
ear elastic. 

The proposed seismic design ap
proach considers two levels of earth
quake ground motion, the design level 
and the survival level. The design 
level ground motion is chosen to be 
the design basis ground motion of the 
1991 and 1994 editions of the 
NEHRP provisions8 with a 90 percent 
probability of not being exceeded in 
50 years, corresponding approxi
mately to a 500-year return period. 
The survival level ground motion is 
assumed to have a 90 percent proba
bility of not being exceeded in 250 
years, corresponding approximately to 
a 2500-year return period. The sur
vival level ground motion is taken to 
be 2.5 times the NEHRP design basis 
ground motion. 

According to the proposed design 
approach, the design level ground mo
tion may cause only minor, easily re
paired damage to both structural and 
nonstructural components, while the 
survival level ground motion may 
cause damage to the structure that can
not be repaired, but should not cause 
the structure to collapse. 

The nonlinear behavior of a well-de
signed unbonded post-tensioned pre-
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Table 1. Approximate formu las for moment-rotation behavior of 
beam-column connections. 

Limit state Moment Rotation 
Linear limit state Smaller of the following: Smaller of the following: 

M = 0.50/. .A { 1- J;Jt;') 
II P' p 0.85 

8 = 3Lbcf;i (I -J;;f J;') 
11 

2h£c 0.85 

M11 = 0.42/piAph 8 = 2.5LbcJ;i 
11 

2h£c 

Yield limit state * 
MY = 0.5/P, AP(h"- a") 

8 
= (jpl - f pi )Lpu 

" = 5.. .t;i lf:C .!!.._ h Y (0.5h"- a" I /3)EP a 
a ! pi I fpu b" 

Ultimate limit state 

M =M 8 = EcJ3 L ulr y 
ulr 11 cr 

a 

Note: Notation ts g1ven m the Appendtx. 

*Approximate formulas for yie ld limit state are limited to interior beam-column connections and to 
exterior beam-column connections with concentric post-tensioning steel. 

cast frame is controlled by the mo
ment-rotation behavior of the beam
column connections . Therefore, the 
lateral load behavior of the frame is 
idealized using a trilinear base shear
roof displacement relationship based 
on the trilinear idealization of the mo
ment-rotation behavior. The idealized 
base shear-roof displacement behavior 
is shown in Fig. 7, where three regions 
can be characterized. The first region 
is essentially linear elastic. The second 
region is characterized by a signifi
cantly reduced stiffness. The third re-

gion is a yielding plateau with essen
tially zero slope. 

Three limit states are shown on the 
trilinear idealization of the frame be
havior. The linear limit state (V11 ,L111) 

corresponds to the effective linear 
limit of the frame which is controlled 
by the linear limit of the beam-column 
connections. The yield limit state 
(Vy, L1y) corresponds to an effective 
yield limit of the frame, when stresses 
in the post-tensioning steel in the 
beam-column connections reach the 
limit of proportionality of the steel. 
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The ultimate limit state CVulr•.1ulr) cor
responds to failure of confined con
crete in the beam-column connections. 

Three base shear levels are defined 
in Fig. 7: (1) elastic base shear CVel); 
(2) design base shear (Vdes); and (3) 
survival base shear CVsur). The design 
base shear (Vdes) corresponds to elastic 
response to the design level ground 
motion. The survival base shear CVsur) 
corresponds to elastic response to the 
survival level ground motion and is 
taken as 2.5 times Vdes· The elastic 
base shear CVe1) is the reduced base 
shear demand used in design, and is 
taken as Vdes divided by a response 
modification factor (R). 

The behavior of an unbonded post
tensioned precast frame (see Fig. 7) is 
not easily predicted after the beam
column connections reach their linear 
limit, because the distribution of inter
nal forces and deformations in the 
frame differs from the linear elastic 
distribution. This redistribution results 
in significant variations in the ductility 
demands among the beam-column 
connections, and the ductility demands 
on the beam-column connections are 
expected to be larger than the ex 
pected frame ductility demands. 

The NEHRP 8 equivalent lateral 
force procedure idealizes seismic 
loading as static lateral forces. The 
force levels prescribed by the NEHRP 
design provisions are significantly 
lower than required to ensure a linear 
elastic response, as nonlinear behavior 
is allowed for economic reasons. The 
response modification factors (R) de
fined in NEHRP, are used to obtain re
duced force "levels (shown as Ve1 in 
Fig. 7) from the forces corresponding 
to linear elastic response to the design 
basis ground motion. The unbonded 
post-tensioned precast frame system is 
considered to be a special moment re
sisting frame system with ductile con
nections, and the corresponding value 
of R = 8 is used in design. 

The proposed design approach uses 
the NEHRP equivalent lateral force 
procedure to determine the member 
forces and deformations. Design crite
ria for the flexural behavior of the 
beam-column connections are given 
below. Fig. 8 shows the idealized tri
linear moment-rotation relationship 
for the beam-column connection, to-

60 

survival level earthquake 

~~ -----------------------

linear elastic 
response 

Yy 

Vn 

~~ 

design level earthquake 

trilinear 
idealization 

Roof displacement 

~ur 6ult 
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gether with the notation used to de
scribe the design criteria. The design 
approach has three sets of criteria re
lated to the three limits of the trilinear 
idealization. 

Linear Limit State Criteria - The 
linear limit criteria are used to ensure 
that the connection has sufficient stiff
ness. The response of the beam-col
umn connection up to the linear limit 
is essentially linear elastic. The linear 
limit criteria are defined in terms of 
both moment and rotation. The crite
rion for moment is: 

(1) 

where Me1 is the beam-column connec
tion bending moment demand for the 
reduced level of earthquake loading 
(shown as Vet in Fig. 7), estimated 

using linear elastic analysis of the 
frame under NEHRP8 equivalent lat
eral forces (and factored gravity 
loads). 

The linear limit criterion for rotation 
is related to the allowable story drift 
given in the NEHRP provisions. 8 As
suming that the story drift is mainly 
caused by the beam-column connec
tion rotation, the criterion is written as 
follows: 

(2) 

where 
e el = beam-column connection rota

tion demand for the reduced 
level of earthquake loading, es
timated using linear elastic 
analysis under NEHRP8 equiv
alent lateral forces 
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Oa11 = allowable rotation which is 
taken as the allowable story 
drift of the NEHRP provisions8 

Cd = NEHRP inelastic deflection am
plification factor 

The purpose of this criterion is to im
pose frame stiffness requirements on an 
unbonded post-tensioned precast fraine 
similar to those imposed on other sys
tems by the NEHRP provisions.8 

Yield Limit State Criteria- The 
yield limit is related to the strength 
and deformability of the beam-column 
connection. The demands from the de
sign level ground motion are com
pared to the yield limit to ensure that 
the beam-column connection has ade
quate strength and deformability. The 
yield limit criteria are defined in terms 
of both moment and rotation. The cri-
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terion for moment is similar to the 
flexural strength design criterion for 
cast-in-pl ace reinforced concrete. 
This criterion requires the beam-col
umn connection bending moment de
mand corresponding to the NEHRP8 

equivalent lateral forces to be less than 
or equal to the factored connection 
bending moment capacity: 

(3) 

where cf> is the flexural capacity reduc
tion factor in accordance with the ACI 
318 Code.9 

The yield limit criterion for rotation 
is used to ensure sufficient elastic de
formability in the connection . The 
yield rotation is used, so that the post
tensioning steel in the connection can 
remain elastic under the design level 

ground motion. A voiding yield of the 
post-tensioning steel permits the frame 
to survive the design level ground mo
tion with little or no structural dam
age. The criterion is: 

Ydes-loc (}des ~ (}Y ( 4) 

where 
Ydes-loc = local ductility demand factor 

for the design level ground 
motion, greater than unity 

(}des = (M desiMe,) e el = R(}el = beam
column connection rotation 
for the design level of earth
quake loading, estimated 
from e el using an equal dis
placement assumption 

The product Ydes-loc (}des is an esti
mate of the rotation demand on the 
connection under the design level 
ground motion. The factor Ydes-loc ac
counts for uncertainty in the ductility 
demand on the beam-column connec
tion, as discussed later. 

Ultimate Limit State Criterion -
The ultimate limit is used to ensure 
sufficient inelastic deformability in the 
connection. The ultimate limit crite
rion is established with respect to the 
survival level ground motion. This cri
terion defines the inelastic deformabil
ity required to prevent failure of the 
spiral confined concrete in the beam
column connections which could lead 
to sudden collapse of the frame . The 
criterion for rotation is: 

(5) 

where 
Ysur-loc = local ductility demand factor 

for survival level ground mo
tion, greater than unity 

(}sur = ( M sur fM et) (}el = 2.5R(}el = 
beam-column connection ro
tation for the survival level 
of earthquake loading, esti
mated from (Jet using an 
equal displacement assump
tion, when the intensity of 
the survival level ground mo
tion is taken as 2.5 times the 
intensity of the design level 
ground motion 

The product Ysur-loc (}sur is an esti
mate of the rotation demand on the 
connection under the survival level 
ground motion. The factor Ysur-toc ac
counts for uncertainty in the ductility 
demand on the beam-column connec
tion, as discussed later. 
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Flexural capacity design criteria are 
adopted for the frame members and 
connections intended to remain elastic 
under all loading conditions. 3·4 

Columns (except at their bases) and 
beams (except at their ends) should 
possess flexural strength in excess of 
the bending moments corresponding 
to the strength of the relevant beam
column connections. Similarly, shear 
capacity design criteria are adopted to 
avoid excessive shear deformations 
and stiffness softening due to shear.3.4 

Shear slip at the beam-column inter
face should be avoided by providing 
appropriate shear friction resistance at 
the interface. 

DESIGN OF 
PROTOTYPE FRAMES 

Four prototype frames were de
signed using the proposed design ap
proach.3·4 Only two frames , Frame 1 

and Frame 4 are discussed in this 
paper. Frame I and Frame 4 were de
signed for high and moderate seismic
ity zones, respectively. The 1991 edi
tion of the NEHRP provisions was 
used to design the prototype frames, 
which were designed before the 1994 
edition was published in May 1995. 

The frames were designed as special 
moment resisting frames with R equal 

to 8, Cd equal to 5.5, and 8011 equal to 
1.5 percent. The frames were designed 
to satisfy the requirements of both the 
north-south frames and the east-west 
frames of the prototype building. 
Table 2 shows the main parameters 
that influence the base shear demand 
according to NEHRP.8 

Using the proposed design approach 
outlined above, connections, beams, 
and columns are designed for both 
frames. The local ductility demand 
factors were set to unity in the design. 
Table 3 summarizes the beam and col
umn cross-sectional dimensions for 
the two prototype frames . 

PUSH-OVER ANALYSES 
OF PROTOTYPE FRAMES 
Nonlinear push-over static analyses 

of the prototype frames were con
ducted using a triangular distribution 
of lateral forces, similar to the 
NEHRP8 lateral force distribution. The 
analyses included dead load and 25 
percent of the design live load as grav
ity loads. All frames were analyzed as 
north-south frames which have Jess 
gravity load than the east-west frames. 
These analyses are called low gravity 
load (LGL) cases. 

Frame 4 was also analyzed as an 
east-west frame (as a high gravity load 

Table 2. Description of the two prototype frames. 

Seismic zone Soil conditions Period used in design 

Frame I High seismicity Medium soil (5 = 1.2) T = Ta = 0.82 seconds 
(Aa =A, = 0.4) (So il type 52) 

- - r-
Frame4 Moderate seismicity Medium soil (5 = 1.2) T =CaT a = 1.38 seconds 

(Aa = A, =O. l ) I (Soil type 52) 

A a, A, Ta, C., 5, and soi l types are defined in the 199 1 edition of NEHRP8 

Table 3. Member dimensions. 

Member Frame 1 Frame 4 

All columns, in . (nun) 28 X 38 (7 1 0 X 970) 22 X 26 (560 X 660) 

Sixth floor (roof) beams, in . (mm) 24 X 26 (610 X 660) 16 X 20 (4 10 X 510) 

Fourth and fifth floor beams, in. (mm) 24 X 34 (6 10 X 860) 16 X 24 (4 10 X 610) 

Second and third floor beams. in. (mm) 24 X 40 (6 10 X 1020) 18 X 26 (460 X 660) 

First floor beams, in. (mm) 24 X 42 (610 X 1070) 18 X 26 (460 X 660) 
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(HGL) case). The frames were pushed 
to a target roof displacement equal to 
40 in. (1020 mm), which corresponds 
to 4.1 percent roof drift. The static 
analyses used both the fiber model 
(FM) and the spring model (SM) for 
the frames. These models are similar 
to the beam-column subassemblage 
models, shown in Fig. 4. 

Table 4 summarizes three levels of 
estimated roof displacement corre
sponding to the elastic (reduced), de
sign, and survival levels of earthquake 
loading for the FM of each prototype 
frame. Table 4 also shows the calcu
lated fundamental period of the proto
type frames and the period used in de
sign based on the 1991 edition of the 
NEHRP provisions.8 

Fig. 9 shows the frame base shear 
(V) versus roof displacement (L\) for 
both the FM and the SM of Frame 1. 
Fig. 10 shows V versus L\ for the FM 
of Frame 4. The three levels of roof 
displacement corresponding to the 
elastic (reduced), design, and survival 
levels of earthquake loading, given in 
Table 4, are shown in Figs. 9 and 10. 
Also shown in the figures are the 
range of roof displacements at which 
yielding of columns at the base initi
ates, and the range of roof displace
ments at which yielding of the post
tensioning steel initiates, from the FM 
results. 

Comparing the SM to the FM in 
Fig. 9, the SM results are in a good 
agreement with those of the FM. The 
push-over behavior of the frames is 
discussed in the following paragraphs, 
starting with comparisons of the be
havior with the proposed design re
quirements. 

Elastic Level Requirements - All 
the elastic level requirements are satis
fied in both frames. Spalling of the 
concrete cover, yielding of the steel 
reinforcement, and softening of the 
beam-column connections do not 
occur before the elastic (reduced) level 
base shear (Ve1) is reached. Therefore, 
the behavior is essentially linear elas
tic up to the elastic level base shear. In 
addition, the drift limits are satisfied. 

Design Level Requirements -
Softening of the base shear-roof dis
placement behavior was observed, as 
expected, between the elastic level and 
the design level. The two main sources 
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of the softening are: (I) softening of 
the beam-column connections after the 
linear limit is reached; and (2) yield
ing of columns at the base of the 
frames. Concrete cover spalling takes 
place at some of the beam-column 
connections and column bases. 

The contribution of column base 
yielding to the softening of the frame 
is expected. The first-story columns 
were designed to behave as conven
tional reinforced concrete columns. 
They were designed to yield at the 
base at a bending moment close to the 
moment demand for the reduced level 
of earthquake loading CVe1). In the 
frame analytical models, the first-story 
columns were modeled using beam
column elements with the possibility 
of yielding at the base and considering 
axial force -moment interaction . The 
columns were fixed at the base in the 
models. 

Most of the softening of the frames 
observed in Figs. 9 and 10 is due to 
the softening of the beam-column con
nections after the linear limit is 
reached. The figures show the range of 
roof displacements at which yielding 
of columns at the base initiates. The 
beam-column connections reach their 
linear limit at similar or slightly larger 
values of roof displacement. 

A significant redistribution of inter
nal forces (compared to the linear 
elastic distribution) occurs due to soft
ening of the frame. This causes yield
ing of the post-tensioning steel to 
occur over a wide range of roof dis
placement values. In general, the se
quence of yielding of the post-tension
ing steel progresses from the lower 
floors to the upper floors. 

According to the yield limit state 
design criteria, yielding of the post
tensioning steel should not occur be
fore the design level roof displacement 
(L1des) is reached. This criterion is not 
satisfied for Frame 1 (designed for 
high seismicity regions), but is satis
fied for Frame 4 (designed for moder
ate seismicity regions). As discussed 
earlier, local ductility demand factors 
( Ydes-toc) are needed to amplify the de
sign ductility demands on the beam
column connections, so that under the 
design level ground motions the post
tensioning steel will not yield before 
the design level roof displacement 
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Table 4. Roof displacements estimated in design and fundamental periods based on 
the fiber model. 

Parameter 
-

Llel> in. (mm) 

Lldeso in . (mm) 

f 
Ll, 11 ,. in. (mm) 

T 

T used in design 

1600 

1400 

1200 
~ 

"' c. ;g 1000 

Frame 1 

1.62(41) 
--

13.0 (330) 

32.4 (823) 

1.12 seconds 

0.82 seconds 

I 
I 
I 
I 

Frame 4 
--

1.38 (35) 

- ---

11.0 (279) 
l 

I 
27.6 (70 1) 

2.48 seconds 

---+-
1.38 seconds 

FM 
SM 

: Vel • 
I I ... 

"' 800 ---------~------------- - - --r------... -= "' ... 600 
~ 
~ 

400 

200 

0 
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I ~ 
:- 8 
,~.s 
I..£~ 
I (.) · -
1 ·.:::::! 
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Fig. 9. Base shear vs. roof displacement of Frame 1, using the FM and the SM. 
Note: 1 in . = 25.4 mm; 1 kip= 4.45 kN . 

yielding of the PT steel 

40 

in the upper three stories 
in the lower three stories ( yielding of the PT steel 

600 

500 
,.-._ 

"' c. 400 ;g 
... 
"' 300 ... -= "' ... 
"' "' 200 = 

100 

0 
0 5 10 15 20 25 30 

Roof displacement (in.) 

Fig. 10. Base shear vs. roof displacement of Frame 4, using the FM. 
Note: 1 in. = 25.4 mm; 1 kip= 4.45 kN. 
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(L1des) is reached. Local ductility de
mand factors are discussed below. 

Survival Level Requirements -
According to the ultimate limit state 
design criterion, up to the survival 
level roof displacement, the confined 
concrete strain should not exceed the 
ultimate strain for the confined con
crete (Ecu) to avoid failure of concrete 
due to fracture of the spiral confining 
steel in the beam-column connections. 
The prototype frames did not experi
ence this type of failure because the 
spirals in the prototype frames were 
overdesigned. As discussed earlier, 
local ductility demand factors ( Ysur-loc) 

are needed to amplify the beam-col
umn design ductility demands for the 
survival level ground motions. 

Local Ductility Demand Factors 
- The static analysis results3•4 show 
that the required values of Ydes-loc and 

Ysur-loc decrease as the contribution of 
gravity load to the beam-column con
nection design moment demand in
creases. The gravity load contribution 
to the design moment leads to an 
overdesign of the moment capacity of 
the beam-column connection that re
duces the ductility demand. The grav
ity load contribution can be estimated 
as the ratio between the bending mo
ment demand due to gravity loads and 
the total elastic bending moment de
mand including both gravity and lat
eral loads at the connection under con
sideration. Therefore, Yd es -loc and 
Ysur-loc are larger for frames designed 
for high seismicity regions as com
pared to frames designed for moderate 
seismicity regions. Fig. 11 provides 
local ductility demand factors calcu
lated from the static analysis results3•4 

for Frames 1, 2, 3, and 4. 

0 0.1 ~ ~ M ~ M 
M (gravity load) I M (total elastic) 

0.7 

2.5 
:a 
1i 
.: 2 
! ... s 
:;j 1.5 ... 
~ 

6 
" ~ 
..; 
y 

.a 0.5 

] 
0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
M (gravity load) I M (total elastic) 

Fig. 11. Local ductility demand factors for design and survival ground motions. 
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Beam Elongation - One of the is
sues to be considered in the design of 
an unbonded post-tensioned precast 
concrete frame is the apparent elonga
tion of the beams due to gap opening 
in the beam-column connections. As 
the lateral drift of the frame increases, 
the gap opening length and width in
crease at the beam-column interface 
and, accordingly, the centroidal axis of 
the beam measured from column face 
to column face elongates. The FM was 
used to study the beam elongation, and 
for the prototype frames the elonga
tion was found to range between 1.5 to 
2.5 percent of the beam height (h), for 
each beam span (Lb), as the roof drift 
reached 4.0 percent. 

Two factors affect the elongation of 
the beams: foundation restraint on the 
columns; and relative beam elonga
tions between adjacent floors. The ef
fect of the foundation restraint is 
dominant for the lower floor beams. 
The effect of relative beam elonga
tions between adjacent floors is not 
easily predicted. 

The restraint of the beam elonga
tion in the frame introduces a set of 
self-equilibrating forces in the frame, 
including forces at the foundation 
level. The beam-column connections 
and beams are subjected to additional 
axial forces, while the columns are 
subjected to secondary shear forces 
and bending moments. The axial 
forces in the beams are usually maxi
mum at the first floor. The secondary 
shears and moments in the columns 
are proportional to their distance 
from the column at the center of the 
frame. 

The effect of these axial forces in 
the beams is as follows: (1) the axial 
compression forces increase the 
bending moment capacity, increase 
the yield rotation, and decrease the 
ultimate rotation of the beam-col
umn connections; and (2) the axial 
tension forces decrease the bending 
moment capacity, decrease the yield 
rotation, and increase ultimate rota
tion of the beam-column connec
tions. The beam elongation effects 
should be considered in design. For 
example, the increase in the beam
column connection bending moment 
capacity was observed to be as large 
as 25 percent. 
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TIME-HISTORY 
DYNAMIC ANALYSES 

OF FRAME 1 
The results of nonlinear time-history 

dynamic analyses of prototype Frame 
1 are described in this section . The 
frame is analyzed for design and sur
vival level earthquake ground mo
tions. Natural recorded and artificially 
generated ground motions for different 
soil conditions (stiff/rock, medium, 
and soft soil) were used in the dy
namic analyses. Table 5 summarizes 
the main characteristics of these 
gro und motions , scaled to a peak 
ground acceleration (PGA) of l.Og. 
Damping of the prototype frames is 
modeled as mass and stiffness propor
tional viscous damping, with a speci
fied damping ratio of 3.0 percent for 
the first and third modes, and resulting 

damping ratios of 2.2 percent for the 
second mode, and 4.3 percent for the 
fourth mode. 

Roof Displacement - The roof lat
eral displacement is representative of 
the overall frame displacement re
sponse. Fig. 12 shows time-histories 
of the lateral displacement of the roof 
and the second and fourth floor levels 
of Frame 1 during the NEW ground 
motion scaled to a peak ground accel
eration of 0.4g to represent a design 
level ground motion. The dashed hori
zontal lines shown in Fig. 12 indicate 
the roof displacement for the design 
level ground motion estimated in de
sign (Table 4). Fig. 12 shows that the 
roof displacement obtained from the 
dynamic analysis does not exceed the 
roof displacement estimated in design. 
Fig. 12 also shows that, at the time of 
the displacement peaks, the second 

Tab le 5. Properties of selected ground motions scaled to 1 .Og. 

Site soil Earthquake Earthquake/station name 
condition (year) 

No. Record 

I ELC 
El Centro/El Centro 

(1940) 

2 PRE 
Lorna Prieta/Presidio 

Rock or (1989) 

stiff 
3 GST 

Power spectrum based 
generated ground motion 

4 STF 
SEAOC spectrum compatible 

generated ground motion 

5 ORI 
San Fernando/Orion 

(1971) 

6 HOL 
Lorna Prieta/Hollister 

(1989) 

7 YER 
Landers/Yermo 

(1992) 

Medium 
8 NEW 

Northridge/Newhall 
(1994) 

9 SYL 
Northridge/Sylmar 

(1994) 

10 GME 
Power spectrum based 

generated ground motion 

II MED 
SEAOC spectrum compatible 

generated ground motion 

12 FOS 
Lorna Prieta/Foster City 

(1989) 

13 TRE 
Lorna Prieta/Treasure Island 

Soft (1989) 

14 GSO 
Power spectrum based 

generated ground motion 

15 SOF 
SEAOC spectrum compatible 

generated ground motion 

Note: I in. = 25.4 mm. 
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and fourth floor displacements are 
generally in phase with the roof dis
placements. 

Maximum Roof Displacement -
The maximum roof displacement val
ues obtained from the dynamic analy
ses of Frame 1 are tabulated in Table 
6, where the corresponding roof drift 
values (the roof displacement divided 
by the total frame height) are also 
given. Fig. 13 compares the roof dis
placements obtained from the dynamic 
analyses (shown as discrete points), 
and the estimated roof displacements 
based on an equal displacement as
sumption (shown as an inclined solid 
line) . The roof displacements are 
shown as a function of peak ground 
acceleration (PGA). Three symbols 
represent the dynamic analysis results 
for the three soil conditions (stiff/rock, 
medium, and soft soil) . 

Peak ground Peak ground 
acceleration velocity 

(g) (in./second) 

1.00 43.6 

1.00 66.3 

1.00 77.8 

1.00 60.6 . 

1.00 45.9 

1.00 67.4 

1.00 82.5 

1.00 64.0 

1.00 60.4 

1.00 104 

1.00 107 

1.00 62.8 

1.00 82.3 

1.00 147 

1.00 80.4 
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As shown in Fig. 13, all of the roof 
displacements from the dynamic analy
ses for cases with stiff/rock soil condi
tions are conservatively estimated using 
the equal displacement assumption. For 
cases with medium soil conditions, the 
average of the roof displacements from 
the dynamic analyses are conservatively 
estimated. All of the roof displacements 
from dynamic analysis for cases with 
soft soil conditions exceed the estimated 
roof displacements. 

Implications for Design - Fig. 13 
shows that the maximum roof dis
placement values obtained from the 

15 

dynamic analyses often exceed the es
timated roof displacements, especially 
for design level ground motions on 
soft soil conditions and survival level 
ground motions on medium or soft 
soil conditions. When the estimated 
roof displacements are exceeded, the 
ductility demands on beam-column 
connections are larger than expected, 
and adequate ductility capacity may 
not be available. Moreover, the maxi
mum roof displacements during sur
vival level ground motions on medium 
and soft soil conditions are unaccept
ably large. 

-----------------------------------
10 Roof Displ. 

s:: 4th Displ. 
·rl 2nd Displ. 5 
~ 
s:: 
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u 
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Fig. 12. Displacement time-histories of Frame 1 during NEW ground motion scaled 
to a peak ground acceleration of 0.4g. Note: 1 in . = 25.4 mm. 
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Fig. 13. Maximum roof displacement of Frame 1 vs. peak ground acceleration (PGA) 
of the ground motion. Note: 1 in.= 25.4 mm. 
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It should be kept in mind that the es
timated roof displacements are based 
on elastic analysis under NEHRP8 

equivalent lateral forces for medium 
soil and 5 percent damping. The esti
mated displacements are based on the 
approximate period given by the 1991 
edition of the NEHRP provi s ions 8 

which is smaller than the actual period 
of Frame 1, as indicated in Table 4. 
An improved design approach would 
estimate the roof displacement de
mands using a NEHRP design spectra 
for the proper damping ratio, actual 
soil condition, and actual period of the 
frame. 

Displacement amplification factors, 
similar to load factors, can be devel
oped on a probabilistic basis to scale 
up the estimated roof displacements to 
account for the observed scatter in the 
displacements from dynamic analyses. 
These displacement amplification fac
tors should depend on the seismic 
zone and the soil conditions of the 
building site. Suggested values of the 
displacement amplification factors are 
given in reports by El-Sheikh et alY 

Using these displacement amplifica
tion factors, Frame 1 could be re
designed to: (1) decrease the maxi
mum roof displacement (e.g. , by 
increasing the stiffness) during the 
survival level ground motions on 
medium and soft soil conditions to an 
acceptable level (e.g., 3.0 percent roof 
drift to prevent failure of the gravity 
load resisting system and maintain 
structural integrity) ; and (2) provide 
sufficient ductility capacities to the 
beam-column connections to satisfy 
the ductility demands. 

Base Shear- Fig. 14 shows the 
base shear of Frame 1 during the 
NEW ground motion scaled to a peak 
ground acceleration of l.Og. The 
dashed horizontal lines indicate the 
static base shear capacity of the frame 
obtained from push-over analysis 
under the inertia force distribution 
specified in the NEHRP8 equivalent 
lateral forces procedure. The peak val
ues of base shear reached during the 
dynamic analysis are significantly 
larger than the static base shear capac
ity, primarily because of the contribu
tion of higher modes. 

Effect of Inelastic Energy Dissi
pation and Self-Centering - The 
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Fig. 14. Base shear time-history of Frame 1 during NEW ground motion scaled to a 
peak ground acceleration of 1.0g. Note: 1 kip= 4.45 kN. 

effect of the inelastic energy dissipa
tion and self-centering provided by 
unbonded post-tensioned precast con
crete frames were investigated. The 
SM was used because the beam-col
umn connection hysteresis behavior 

can be directly controlled by specify
ing different residual deformation fac
tors (a,) .3.4 Increases in a, increase 
the energy dissipated by the beam
column connections and decrease the 
self-centering. Frame 1 was investi-

Table 6. Maximum seismic response parameters of Frame 1. 

gated using TRE ground motion 
scaled to a peak ground acceleration 
of 0.4g. Two a, values (0 .03 and 
0.90) were considered. 

The SM with the small a, tends to 
have low energy dissipation (LED) 
and represents an unbonded post-ten
sioned precast concrete frame. The 
SM with the large a, tends to have 
high energy dissipation (HED) and 
represents a conventional cast-in-place 
reinforced concrete frame. Fig. 15(a) 
shows the moment-rotation behavior 
of one of the first floor beam-column 
connections of Frame 1 modeled with 
the FM and the SM with low energy 
dissipation (LED) . Fig. 15(b) shows 
the moment-rotation behavior of the 
same connection modeled with the SM 
with high energy dissipation (HED). 

Fig. 15(a) shows a relatively good 
comparison between the FM and the 
SM with low energy dissipation, how
ever, the increase in bending moment 
capacity of the beam-column connec
tion due to the axial compression 
force in the first floor beams is cap
tured only by the FM. The hysteresis 

Peak ground Soil type Ground motion Maximum roof Maximum roof Maximum story Maximum base 
acceleration displacement (in.) drift (percent) drift (percent) shear (kips) 

ELC 5.33 0.55 0.72 1378 
Stiff/Rock PRE 10.74 1.11 1.5 1 1795 

STF 4.74 0.49 0.87 1595 
GST 6.92 0.71 1.30 1686 
SYL 10.68 1.10 1.67 2043 
HOL 9.73 1.00 1.76 1850 

0.4g design level Medium YER 13.90 1.43 1.95 1760 
ORI 10.35 1.07 1.83 1846 

NEW 9.01 0.93 1.80 2024 
MED 9.84 1.01 1.68 1757 
GME 7.53 0.78 1.30 1730 
TRE 24.74 2.55 3.46 2000 

Soft FOS 16.55 1.70 2.47 1923 
SOF 19.98 2.06 3.31 2190 
GSO 14. 11 1.45 2.19 2 165 
ELC 22.14 2.28 2.80 2230 

Stiff/Rock PRE 18.90 1.94 3.58 2641 
STF 25.41 2.6 1 3.87 2757 
GST 22.60 2.33 3.41 2305 
SYL 27.71 2.85 3.75 2535 
HOL 52.26 5.38 6.42 2727 

1.0g survival level Medium YER 18.59 1.91 2.97 2433 
ORI 30.75 3. 16 4.41 2388 
NEW 29.04 2.99 4.11 2957 
MED 36.72 3.78 5.69 2797 
GME 47.67 4.90 5.84 27 16 
TRE 56.19 5.78 6.14 3000 

Soft FOS 48.56 5.00 5.65 27 16 
SOF 59.37 6.11 7.32 3 122 
GSO 70.12 7.21 7.96 3063 

Note: I in . = 25.4 mm; I k.ip = 4.45 kN. 
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Fig. 15. Moment-rotation of exterior beam at first floor of Frame 1 during TRE grou nd 
motion scaled to a peak ground acceleration of 0.4g: (a) using the FM and the SM 
with low energy dissipation; (b) using the SM with high energy dissipation . 
Note: 1 in.= 25.4 mm; 1 kip = 4.45 kN. 
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Fig. 16. Roof displacement time-histories of Frame 1 during TRE ground motion 
scaled to a peak ground acceleration of 0.4g, using the SM with low energy 
dissipation (LED) and high energy diss ipation (HED). Note: 1 in. = 25.4 mm. 
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loops of the SM with high energy dis
sipation are similar to those of a stiff
ness-degrading model of cast-in-place 
reinforced concrete beam-column 
connections. 

Comparing the hysteresis loops of 
the low energy dissipation and high 
energy dissipation cases in Fig. 15, the 
following observations are made: (1) 
the energy dissipation per loop for the 
high energy dissipation case is more 
than twice that of the low energy dissi
pation case; (2) the maximum rotation 
demand of the high energy dissipation 
case is less than that of the low energy 
dissipation case; and (3) the final hys
teresis loops of the high energy dissi
pation case oscillate around a residual 
rotation, while all loops of the low en
ergy dissipation case oscillate around 
zero rotation. 

Fig. 16 shows roof displacement 
time-histories for the SM of Frame 1 
with low energy dissipation and high 
energy dissipation during the 0.4g TRE 
ground motion. The maximum roof dis
placement for the high energy dissipa
tion case is smaller than that of the low 
energy dissipation case by about 19 
percent. The amplitude of the displace
ment cycles following the maximum 
displacement decays more rapidly for 
the high energy dissipation case. The 
low energy dissipation case has several 
successive large displacement cycles. 
On the other hand, the low energy dis
sipation case has self-centering (i.e., the 
roof displacement oscillates around 
zero displacement), which results in a 
small residual displacement. 

TIME-HISTORY 
DYNAMIC ANALYSES 

OF FRAME 4 
The dynamic analyses of Frame 4 

show the frame performs well and sat
isfies the design criteria. The maximum 
roof displacements are significantly 
less than the roof displacement esti
mated in design. Two factors should be 
noted: (1) the large difference between 
the maximum period allowed in the 
NEHRP8 design procedure (CaTa = 
1.38 seconds) and the actual period of 
the frame (T = 2.48 seconds), and (2) 
the large contribution of the gravity 
load moment to the moment used to 
design the beam-column connections. 
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Table 7. Maximum seismic response parameters of Frame 4 during the TRE ground motion. 

Peak ground Maximum roof I Maximum roof Maximum story Maximum base 
acceleration displacement (in.) drift (percent) drift (percent) shear (kips) 

0.1 g design level 8.86 0.91 

0.25g design level 14.6 1.51 

Note: I in . = 25.4 mm; I kip= 4.45 kN. 
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Fig. 17. Displacement time-histories of Frame 4 during TRE ground motion scaled to 
a peak ground acceleration of 0.25g. Note: 1 in. = 25.4 mm. 

Both factors result in a significant 
overstrength of the base shear of the 
frame above the base shear used in de
sign (Ve1), as shown in Fig. 10. Conse
quently, the ductility demands are sig
nificantly less than those of Frame 1. 
Table 7 summarizes the dynamic re
sponse of Frame 4 during the TRE 
ground motion scaled to a peak 
ground acceleration of O.lg and 0.25g 
to represent the design and the sur
vival level ground motions, respec
tively. Fig. 17 shows time-histories of 

the lateral displacement of the roof 
and the second and fourth floor levels 
of Frame 4 during the TRE ground 
motion scaled to a peak ground accel
eration of 0.25g. The maximum roof 
drift reaches only 1.5 percent. 

CONCLUSIONS 
Based on the research fmdings pre

sented in this paper, the following 
conclusions are drawn: 

1. For design, the moment-rotation 
behavior of a beam-column connec-
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tion can be represented by a trilinear 
idealization developed using approxi
mate formulas for three limit states in 
the behavior. 

2. Unbonded post-tensioned precast 
frames can be designed using the de
sign approach described in this paper. 
However, the design criteria should 
not be based on the displacements es
timated using an equal displacement 
assumption for frames on medium or 
soft soil conditions in regions of high 
seismicity. Displacement amplifica
tion factors similar to those given in 
reports by El-Sheikh et alY should be 
used under these conditions. 

3. Local ductility demand factors (y
factors) are needed to amplify the 
local ductility demands for the beam
column connections. The local ductil
ity demand factors are larger for 
frames designed for high seismicity 
regions than for frames designed for 
moderate seismicity regions. 

4. Compared to similar cast-in-place 
reinforced concrete frames, the maxi
mum displacement of unbonded post
tensioned precast frames under seis
mic loading is expected to be larger, 
due to the small energy dissipation, 
while the accumulated residual dis
placement is expected to be much 
smaller. 
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APPENDIX - NOTATION 

a = compression stress block depth 
a" = compression stress block depth, measured from 

inside spirals, when spiral confined concrete fails 
AP = total cross-sectional area of post-tensioning steel 

b = beam cross-sectional width 
b" = beam cross-sectional width, measured from inside 

spirals 
c" = neutral axis depth, measured from inside spirals, 

when spiral confined concrete fails 
Ca =period modification factor defined in NEHRP 
cd =inelastic deflection amplification factor defined in 

NEHRP 

Ct = /pt/Jpu 
Ec =concrete Young's modulus of elasticity 
EP =post-tensioning steel Young's modulus of elasticity 
fc' = maximum compressive strength of unconfined 

concrete 
f cc' = maximum compressive strength of confined 

concrete 
l ei = concrete initial stress 
/pi =post-tensioning steel initial stress 
/p1 =post-tensioning steel stress at its limit of 

proportionality (post-tensioning steel yield stress) 
/pu =post-tensioning steel ultimate strength 

h = total height of beam 
h" = confined beam height, measured from inside 

spirals 
Lb = beam span between inflection points 

Lbc = beam clear length between column faces 
L cr = failure (crushing) length of spiral confined 

concrete, adjacent to beam-column interface 
Lpu = total unbonded length of post-tensioning steel for 

exterior beam-column connections or half the 
unbonded length of post-tensioning steel for 
interior beam-column connections 

Mdec =beam decompression moment (at decompression 
limit state) 

Mdes =beam-column connection moment for design level 
of earthquake loading 

M,1 = beam-column connection moment demand for 
reduced level of earthquake loading 

M11 =beam linear limit moment (at linear limit state) 
M sur = beam-column connection moment for survival 

level of earthquake loading 
Mutr =beam ultimate moment (at ultimate limit state) 
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M y = beam yield moment (at yield limit state) 
R = response modification factor defined in NEHRP 
T = building fundamental period 

Ta =approximate period defined in NEHRP 
Vdes =design base shear 

Vet = elastic base shear corresponding to reduced level 
of earthquake loading 

V11 = base shear at effective linear limit state 
Vsur = survival base shear 
V utr = base shear at ultimate limit state 
Vy = base shear at yield limit state 
a= equivalent stress block coefficient for confined 

concrete equal to ratio of stress of stress block to 
maximum compressive strength of concrete 

a, = residual deformation factor 
f3 = equivalent stress block coefficient for confined 

concrete equal to ratio of stress block depth to 
neutral axis depth 

Ydes-toc = local ductility demand factor for design level 
ground motion 

'Ysur-toc = local ductility demand factor for survival level 
ground motion 

L1des = roof displacement for design level of earthquake 
loading 

L1. 1 = roof displacement corresponding to elastic 
(reduced) level of earthquake loading 

L111 = roof displacement at effective linear limit state 
L1sur =roof displacement for survival level of earthquake 

loading 
L1utr = roof displacement at ultimate limit state 

L1y = roof displacement at yield limit state 
Ecu = ultimate compression strain of spiral confined 

concrete 
Oau = allowable rotation which is taken as inelastic story 

drift of NEHRP provisions 
()des =beam-column connection rotation for design level 

of earthquake loading 
0.1 = beam-column connection rotation demand for 

reduced level of earthquake loading 
()11 =beam linear limit rotation (at linear limit state) 

()sur = beam-column connection rotation for survival level 
of earthquake loading 

Outr =beam ultimate rotation (at ultimate limit state) 
()Y =beam yield rotation (at yield limit state) 

1/J = capacity reduction factor 
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