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 
Abstract—The seismic responses of steel buildings with semi-

rigid post-tensioned connections (PC) are estimated and compared 
with those of steel buildings with typical rigid (welded) connections 
(RC). The comparison is made in terms of global and local response 
parameters. The results indicate that the seismic responses in terms of 
interstory shears, roof displacements, axial load and bending 
moments are smaller for the buildings with PC connection. The 
difference is larger for global than for local parameters, which in turn 
varies from one column location to another. The reason for this 
improved behavior is that the buildings with PC dissipate more 
hysteretic energy than those with RC. In addition, unlike the case of 
buildings with WC, for the PC structures the hysteretic energy is 
mostly dissipated at the connections, which implies that structural 
damage in beams and columns is not significant. According to these 
results, steel buildings with PC are a viable option in high seismicity 
areas because of their smaller response and self-centering connection 
capacity as well as the fact that brittle failure is avoided. 

 
Keywords—Inter-story drift, Nonlinear time-history analysis, 

Post-tensioned connections, Steel buildings.  

I. INTRODUCTION 

EVERE damage to welded connections in steel buildings 
subject to cyclic loading occurred in the 1994 Northridge 

Earthquake. Since then, several alternative connections have 
been proposed to improve the behavior of steel buildings in 
high seismicity areas. Research on the seismic behavior of 
steel moment resisting frames (MRF) with semi-rigid post-
tensioned connections (PC) has been recently developed [1]-
[7]. They are structural elements which include energy 
dissipating elements and high strength strands, in addition to 
beam and columns. The structures with PC have the potential 
to minimize residual drifts and reduce structural damage under 
strong earthquakes. In addition, the PC has remarkable energy 
dissipation and self-centering (SC) capacity. After the action 
of a severe earthquake, the beams and columns can return to 
their original location. The PC also improves the behavior of 
steel buildings by reducing inter-story drifts, which is a widely 
used parameter to evaluate the performance of structures. 

Early research about the study of PC structures were 
oriented to experimental tests of connections to calibrate 
design models and perform analysis of MRF which were 
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compared with analysis of steel MRF with rigid (welded) 
connections (RC) [1], [2]. In subsequently studies design 
parameters were evaluated and a design procedure was 
proposed [6], [7]. Recently, the behavior of steel frames with 
post-tensioned connections has been improved by adding 
friction devices in beams, which provides additional energy 
dissipation capacity [8], [9]. In another studies, it was 
concluded that the maximum and residual inter-story drifts in 
steel buildings with PC are lower than the corresponding drifts 
of buildings with RC [10]. The distribution of dissipated 
hysteretic energy through the height of regular steel frames 
with RC and PC was evaluated to propose simplified 
mathematical expressions which estimate distribution factors 
[11]. 

The general conclusions in most of the mentioned studies 
are that the responses of the frames with PC are smaller than 
those of the frames with RC, that the frames were able to 
undergo large inelastic deformations (drifts larger than 4%) 
with minimum damage in beams or columns and consequently 
minimum residual drift and strength degradation. In spite of 
the important contributions of these studies, most of them 
were limited to structural sub-assemblages or to plane models. 
In seismic design of steel buildings with perimeter MRF, it is 
common to model the three-dimensional (3D) structure as a 
plane structure. Modeling these buildings as plane (2D) frames 
may not represent the real behavior of the structure, since the 
participation of some elements is not considered and the 
contribution of some vibration modes is ignored. Besides, the 
properties in terms of stiffness, mass distribution, natural 
frequencies and energy dissipation characteristics for the 2D 
and 3D models of the buildings can be quite different. 
Moreover, results in terms of local response parameters, 
namely, axial load or bending moment at particular beam or 
beam-columns elements have not been considered. In this 
paper, the nonlinear seismic responses of steel buildings with 
PC are estimated and compared with those of corresponding 
steel buildings with typical welded (RC). The comparison is 
made in terms of global (interstory shears, interstory 
displacements, roof displacements) and local (axial loads and 
bending moments at some columns) response parameters, first 
for 3D representations of the buildings and then for 2D 
representations. Finally a comparison is made between the 
results of 3D and 2D models.  

II. CONNECTION MODEL 

The connection used in this research consists of two angles 
bolted to the beam and column flanges. The beams are post-
tensioned to columns by using high strength steel strands 

Seismic Behavior of Three-Dimensional Steel 
Buildings with Post-Tensioned Connections 

M. E. Soto-López, I. Gaxiola-Avendaño, A. Reyes-Salazar, E. Bojórquez, S. E. Ruiz 

S



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734

Vol:9, No:3, 2015

303

 

w
Th
th
bo
re
str
pa
fro
th

to
m
hy
be
cl
m
de
is 

se
by
ro
be
th
to
co
th
m
re

Fi

de
av
to
m

which are anch
he strands are

he design seism
olted angles. 
eplace, the stru
rong earthqua
arallel and the
om the contri

he bolted angle
The Ruamok

o estimate th
models. The P
ysteresis mod
ehavior of th
losing at the b

moment at whi
ecompression 
closed is de c

A. The Richa

Fig 1 (b) sho
eat angles. Th
y their mome
otation () rep
eam and colum
he beam. Seve
o represent 
onnections. So
he polynomial

models. The R
epresent the M

 

ig. 1 (a) Semi-r

 
The Richard

eveloped usin
vailable comp
o generate th

model, the M-θ
 

hored to the ex
e designed to 
mic loads wh
Due to the 

ucture can be 
ake. The angle
e flexural stre
ibution of the
es  
ko Computer 
he seismic re
C are represe
del considere
he PC is char
beam-column 
ich the conne
moment (Md)

closing mome

ard Model 

ows a semi-ri
e SR connecti

ent-relative ro
presents the a
mn and M is t
eral analytical

moment-rela
ome of these 
, the exponen

Richard Mode
M- hysteresis 

rigid PT connec
top and

d model is a 
ng actual worl
puter program,
he appropriate
θ curve is give

xterior column
remain elastic

hile the damag
fact that the 
easily restore
es and strands
ength of the c
e high strength

Program [12]
esponses of s
ented by the f
d in the pro
racterized by 
interface und

ection just star
) and the mom
nt (Mc).  

gid (SR) conn
ions propertie

otation curves 
angle change
the bending m
l expressions 
ative rotation

models are t
ntial, the B-spl
el [13] is us
rule of bolted

ction and (b) Se
d seat angles 

four-paramete
ldwide test da
, known as PR
e M-θ curve
en by 

n flange (Fig.
c under the ac
ge is confined

angles are e
ed at low costs
s works as spr
connection is 
h strands and 

 is used in th
some steel b
flag-shaped b
ogram. The f

a gap openi
der cyclic load
rts opening is

ment in which 

nection with t
es can be repr

(M-). The 
e formed betw
moment at the

have been pr
n curves fo
the piecewise
line, and the R
sed in this st
d angles. 

emi-rigid conne

er model whi
ata. A comm
RCONN, is av
e. According 

 

. 1 (a)). 
ction of 
d to the 
easy to 
s after a 
rings in 
coming 
that of 

he study 
building 
bi-linear 
flexural 
ing and 
ds. The 
s called 
the gap 

top and 
resented 
relative 

ween la 
e end of 
roposed 
for SR 
e linear, 
Richard 
tudy to 

 

ection of 

ich was 
ercially 
vailable 

to the 

wh
sti
pa

the
str
qu
co

In 
sti
Eq
co

in 
thr
spe
[15
bu
thi
RC
est
Y
co
sec
da
an
the
int

 
here k is the
ffness, Mo is t

arameter. Thes

B. Combined 

A feasible wa
e flexural str
rands. Experim
uantify the lin
ntribution can
 

 
(2), ksθ is th

ffness of the
quations (1) an
mplete behav
 

F

Several steel 
the SAC stee

ree consultin
ecifications o
5], Seattle [

uildings locate
is study. They
C2, respective
timated to be 
(horizontal) a
rresponding v
c. The damp

amping. The e
nd (d) and thei
e perimeter M
terior gravity 
 
 

ܯ ൌ  
൫௞ି௞

ቆଵାฬ
൫ೖషೖ

ಾ೚

e initial or el
the reference m
se parameters 

Model for Str

ay to model PC
rength contrib
mental studie

near contributi
n be stated by 

௦ܯ ൌ ܯ 

he contribution
e connection
nd (2) can be 
ior of a semi-r

Fig. 2 Paramete

III. STRUC

model buildi
el project [14
g firms of U
f the followin
15] and Bos
ed in the Los
y will be deno
ely. The funda

1.03, 0.99 an
and Z (vertic
values for Mo
ping is consid
levations of th
ir plans in Fig

MRF are repres
frames (GF) b

௞೛൯ఏ

೛൯ഇ

೚
ฬ
ಿ

ቇ

భ
ಿ

൅ ݇௣ߠ 

lastic stiffnes
moment, and 
are shown in 

rands and Ang

C results from
bution individ

es [5], [6] pro
ions of strand
the following

ௗܯ ൅  ݇௦ఏߠ    

n of the stran
w ߠ ௗ andܯ
easily combi

rigid PC. 

ers of Richard m

CTURAL MODE

ings with MR
4]. The model
United States

ng three cities 
ston [16]. Th
s Angeles are
oted hereafter 
amental period
nd 0.07 sec., in
cal) directions
odel RC2 are 
dered to be 
he models are
gs. 3 (b) and (
sented by cont
by dashed line

     

ss, kp is the 
N is the curve
Fig. 2. 

gles 

m the combina
dual of angle
oposed equati
ds. In summa
g expression 

    

nds to the rot
were defined b
ined to repres

model 

ELS 

RFs were cons
ls were design
s according
codes: Los A

he 3- and 1
ea are conside
as Models RC

ds of Model R
n the X (horiz
s, respectively
2.22, 2.11 an
3% of the 

e given in Figs
(e). In these f
tinuous lines a
es. 

 (1) 

plastic 
e shape 

ation of 
es and 
ions to 
ary this 

 (2) 

tational 
before. 
ent the 

 

sidered 
ned by 
to the 

Angeles 
0-level 
ered in 
C1 and 

RC1 are 
zontal), 
y. The 

nd 0.16 
critical 
s. 3 (a) 
figures, 
and the 



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734

Vol:9, No:3, 2015

304

 

 

w
Fi
siz
m
st
m
do
fra
se
A
an

Fig. 3 (a) and (

Model S

1 

3\

2 

-

9/

Resultant for
which are locat

igs. 3 (c) and (
zes of beams 

models. In all th
eel and the g

models starts w
one (consider
ames with P

erviceability a
According to th
ngles are prop

(b) elevation an

Story 

E

1\2 W

2\3 W

\Roof W

-1\1 W

1\2 W

2\3 W

3\4 W

4\5 W14×3

5\6 W

6\7 W14×2

7\8 W

8\9 W14×2

/Roof W

rces are estim
ted at the gro
(f), for Model
and columns

hese frames, t
girders are of 
with the design
ring RC). R
PC, which s
and resistance
hese requirem

posed and thei

nd plan for Mod

Mome

Colu

Exterior 

W14×257 

W14×257 

W14×257 

W14×370 

W14×370 

W14×370 

W14×370 

370,W14×283 

W14×283 

283,W14×257 

W14×257 

257,W14×233 

W14×233 

mated for some
ound floor lev
ls RC1 and RC
s are given in
the columns a
A36 steel. T
n of the steel 

Recommendati
satisfy the r
e conditions, a
ments, the pro
ir contribution

del RC1, (d) and

BEAM AND COL

ent resisting fram

umns 

Interior

W14×31

W14×31

W14×31

W14×50

W14×50

W14×500,W1

W14×45

W14×455,W1

W14×37

W14×370,W1

W14×28

W14×283,W1

W14×25

e particular co
vel and are sh
C2, respective
n Table I for t
are made of Gr
he design of 
frames as us

ions to desi
requirements 
are proposed 

operties of the
n to flexural s

 

d (e) elevation 
RC1 and RC

 
TABLE I

LUMNS SECTIONS 

mes 

Gird

r Belo

1 W33×

1 W30×

1 W24×

00 W36×

00 W36×

4×455 W36×

5 W36×

4×370 W36×

0 W36×

4×283 W36×

3 W30×

4×257 W27×

7 W24×

olumns, 
hown in 
ely. The 
the two 
rade-50 
the PC 
ually is 
ign the 
of the 
by [6]. 

e bolted 
strength 

is 
as 

dis
co
sev
hy

 
 
 
 
 

and plan for M
C2 

FOR MODELS 1 A

ders 

ow Pen

×118 W

×116 W

×68 W

×160 W1

×160 W1

×160 W14×21

×135 W1

×135 W14×15

×135 W1

×135 W14×1

×99 W

×84 W14×9

×68 W

calculated. T
well as their c
If the resultin
ssipation or 
nnection prop
veral times u

ysteresis curve
 

odel RC2, (c) a

AND 2 

Gra

Colum

nthouse 

W14×82 

W14×82 

W14×82 

14×211 

14×211 

11,W14×159 

14×159 

59,W14×120 

14×120 

20,W14×90 

W14×90 

90,W14×61 

W14x61 

hen, the prop
contribution to
ng PC has a h
problems wit
perties are tr
until reach th
e. 

and (f) studied e

avity frames 

mns 

Others 

W14×68 

W14×68 

W14×68 

W14×193

W14×193

W14×193,W14

W14×145

W14×145,W14

W14×109

W14×109,W14

W14×82 

W14×82,W14

W14×48 

perties and the
o flexural stre
hysteresis cur
th the closin
ried. This pro
he connection

elements for Mo

Girder

W18×3

W18×3

W16×2

 W21×4

 W18×3

4×145 W18×3

 W18×3

4×109 W18×3

9 W18×3

4×82 W18×3

W18×3

4×48 W18×3

W16×2

e number of s
ength are estim
rve with low
ng moment a
ocedure is re
n with the d

odels 

rs 

35 

35 

26 

44 

35 

35 

35 

35 

35 

35 

35 

35 

26 

strands 
mated. 
energy 

another 
epeated 
desired 



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734

Vol:9, No:3, 2015

305

 

 

TABLE II 
EARTHQUAKE LOADINGS

No Place Date Station 
T ED 

M 
PGA 

(sec.) (km) (cm/sec2)

1 Landers, California 28/06/1992 Fun Valley, Reservoir 361 0.11 31 7.3 213 

2 MammothLakes, California 27/05/1980 Convict Creek 0.16 11.9 6.3 316 

3 Victoria 09/06/1980 Cerro Prieto 0.16 37 6.1 613 

4 Parkfield, California 28/09/2004 Parkfield;JoaquinCanyon 0.17 14.8 6.0 609 

5 PugetSound, Washington 29/04/1965 Olympia Hwy Test Lab 0.17 89 6.5 216 

6 Long Beach, California 10/03/1933 UtilitiesBldg, Long Beach 0.20 29 6.3 219 

7 Sierra El Mayor, Mexico 04/04/2010 El centro, California 0.21 77.3 7.2 544 

8 Petrolia/Cape Mendocino, California 25/04/1992 Centerville Beach, Naval Facility 0.21 22 7.2 471 

9 Morgan Hill 24/04/1984 GilroyArraySta #4 0.22 38 6.2 395 

10 Western Washington 13/04/1949 Olympia Hwy Test Lab 0.22 39 7.1 295 

11 San Fernando 09/02/1971 Castaic - Old Ridge Route 0.23 24 6.6 328 

12 MammothLakes, California 25/05/1980 Long Valley Dam 0.24 12.7 6.5 418 

13 El Centro 18/05/1940 El Centro - ImpVallIrrDist 0.27 12 7.0 350 

14 Loma Prieta, California 18/10/1989 Palo Alto 0.29 47 6.9 378 

15 Santa Barbara, California 13/08/1978 UCSB Goleta FF 0.36 14 5.1 361 

16 Coalinga, California 02/05/1983 ParkfieldFaultZone 14 0.39 38 6.2 269 

17 Imperial Valley, California 15/10/1979 Chihuahua 0.40 19 6.5 262 

18 Northridge, California 17/01/1994 Canoga Park, Santa Susana 0.60 15.8 6.7 602 

19 Offshore Northern, California 10/01/2010 Ferndale, California 0.61 42.9 6.5 431 

20 Joshua Tree, California 23/04/1992 Indio, Jackson Road 0.62 25.6 6.1 400 

 

IV. EARTHQUAKE LOADINGS 

The structural models previously described were excited by 
twenty earthquake records with different frequency contents 
recorded around Los Angeles area. The characteristics of these 
earthquake time histories are given in Table II. Their 
predominant periods, vary from 0.11 to 0.62 sec. The 
earthquake time histories were obtained from the Data Sets of 
the National Strong Motion Program (NSMP) of the United 
States Geological Surveys (USGS). Additional information on 
these earthquakes can be obtained from this source. The 
earthquakes are scaled in such a way that the models undergo 
a similar level of deformation for each of the earthquakes. The 
drifts (interstory displacements) are used for this purpose. 
Values of 1%, 2%, and 3% were considered. For drift values 
of 1% moderate yielding occurred in most of the cases, but for 
values of 2% and 3% significant yielding ocurred in many 
cases 

V. METHODOLOGY 

As previously mentioned, the responses of traditional 
welded and post-tensioned three-dimensional buildings are 
estimated and compared in this paper. The structural models 
were excited by twenty earthquake records. The responses are 
estimated using incremental nonlinear dynamic analysis. The 
RUAUMOKO program [12] was used for this purpose. The 
results are expressed in terms of interstory drifts, roof 
displacements, interstory shears and axial forces and bending 
moments in some particular members. The comparison is 
made for target deformation levels of the models in terms of 
drifts of 1%, 2% and 3%. 

VI. RESULTS IN TERMS OF GLOBAL RESPONSE PARAMETERS 

The seismic responses, in terms of global response 
parameters, for the 3D representation of the steel building 
models with RC are estimated and compared with those of the 
corresponding buildings with PC. Results in terms of 
interstory shears, for both, N-S and E-W directions, are 
presented first. The ratio given by the expression is used for 
this purpose.  

 

ܸ ൌ  
௏ೃ಴

௏ು಴
                                       (3) 

 
VRC and VPC represent the interstory shear for the steel 
buildings with welded and post-tensioned connections, 
respectively. Results for V are presented in Fig. 4 for the 3-
level model, N-S directions and drifts of 1%, 2% and 3%. The 
corresponding results for the 9-level model are given in Fig. 5. 
In this figures, the word “ST” stands for the story level. It can 
be observed that the V values significantly vary from one 
earthquake to another without showing any trend, even 
thought the models were deformed to a similar level of 
deformation. It reflects the effect of the earthquake frequency 
contents and the contribution of several modes on the 
structural responses. The most important observation that can 
be made is that the values of V are larger than unity indicating 
that the interstory shears are larger for the models with RC, 
values of up to 1.5 are observed in some cases for the 3-level 
building. The values of V are significantly larger for the 9-
level building, values of up to 1.8 are observed. The reason for 
this is that more hysteretic energy is dissipated in the buildings 
with PC. Moreover, the energy dissipated in beam and 
columns is negligible, implying minimum structural damage.  
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(c) 

Fig. 4 Values of the V parameter, 3-level model, N-S direction (a) 
1%, (b) 2%, and (c) 3% 

 
Results for the E-W direction were also estimated but are 

not shown. For a given model, no significant differences are 
observed between the results of the N-S and the E-W 
directions. 

Similar ratios to those of interstory shears are also 
calculated for interstory displacements. Most of the 
observations made for interstory shears are also valid for 
interstory displacements: the ratio values significantly vary 
from one earthquake to another without showing any trend, 
the values are larger than unity indicating that the interstory 
displacements are larger for the models with RC and the 
values are significantly larger for the 9-level than for the 3-
level building. For a given model the magnitude of the ratios 
are quite similar for interstory shears and displacements. 

The roof displacements for the models with RC and PC are 
now estimated. The displacement ratio given by 

 

ܦ ൌ  ஽ೃ಴

஽ು಴
                                           (4) 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 5 Values of the V parameter, 9-level model, N-S direction (a) 
1%, (b) 2%, and (c) 3% 

 
is used to make the comparison, where DRC and DPC represent 
the same as before, except that now roof displacements are 
used instead.  
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(a) 

 

 
(b) 

Fig. 6 Values of the D parameter, 3-level model, (a) N-S, (b) E-W 
 

 
(a) 

 

 
(b) 

Fig. 7 Values of the D parameter, 9-level model, (a) N-S, (b) E-W 
 
The results are given in Fig. 6 for the 3-level model, the N-S 

and E-W directions and drifts of 1%, 2% and 3%. The 
corresponding results for the 9-level model are given in Fig. 7. 
As for the case of shear, it is observed that the D values 
significantly vary from one earthquake to another, that they 
are similar for the N-S and E-W directions, that the values are 
larger than unity indicating larger roof displacements for the 
frames with WC, and that values are larger for the 9-level 
model. The only additional observation that can be made is 

that D, in general, tend to increase as the target drift 
displacement increases.  

VII. RESULTS IN TERMS OF LOCAL RESPONSE PARAMETERS 

Similar ratios to those of interstory shear and roof 
displacements are also calculated for local response 
parameters for the case of axial loads and bending moments 
(A and M) at some columns of the base. The results for Axial 
loads are presented in Figs. 8 and 9 for the 3- and the 9-level 
buildings, respectively. The results are similar in one sense to 
those of global response parameters but different in another: 
the values of A significantly vary from one earthquake to 
another and are larger than unity in most of the cases. 
However, they are smaller for local response parameters. For a 
given model and amount of damping the A parameter 
significantly vary from one column location to another 
without showing any trend. The interstory shears and 
displacements, roof displacement, axial load and bending 
moment ratios, were also estimated for the 2D structural 
representation of the buildings but are not shown. Results 
indicate that the values of these ratios, in general, are larger 
for the 3D models. 

VIII. CONCLUSIONS 

The seismic responses of steel buildings with semi-rigid 
post-tensioned connections (PC) are estimated and compared 
with those of steel buildings with typical welded (rigid) 
connections (RC). Two steel buildings with perimeter moment 
resisting frames, which were used in the SAC steel project, 
and twenty strong motions are considered in the study. The 
comparison is made in terms of global (interstory shears and 
interstory and roof displacements) and local (axial loads and 
bending moments) response parameters. The results indicate 
that the seismic response in terms of interstory shears, roof 
displacements, axial load and bending moments are smaller 
for the buildings with PC connection. The difference is larger 
for global than for local response parameter, which in turn 
varies from one column location to another. The reason for 
this improved behavior is that the buildings with PC dissipate 
more hysteretic energy than those with RC. In addition, unlike 
the case of buildings with RC, the hysteretic energy is mostly 
dissipated at the PC which implies that structural damage in 
beams and columns is not significant. According to this 
results, steel buildings with PC are a viable option in high 
seismicity areas because of their smaller response and self-
centering connection capacity, and also due to the fact that 
brittle failure is avoided. 
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Fig. 8 Values of the A parameter, 3-level model, (a) 1%, (b) 2%, (c) 
3% 
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Fig. 9 Values of the A parameter, 9-level model, (a) 1%, (b) 2%, (c) 
3% 
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