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Abstract

Buildings can be designed to limit the earthquake-induced damage to members that can easily be repaired. Self-centering moment-
resisting frames can be used as effective structural systems for this purpose. Self-centering moment-resisting frames with prestressed
cables are able to return the structure to its original position after the earthquake. The internal forces in self-centering moment-
resisting frames are transferred between the beam and the column by post-tensioned cables. As a main member of self-centering con-
nections, prestressed cables play a significant role in such systems. Cable tension decreases over time due to the effect of stress
relaxation on the performance of the system. Stress relaxation is a time-dependent phenomenon causing stress reduction over time
in the members prestressed at a constant strain. Therefore, the effect of stress relaxation on the performance of self-centering
moment-resisting frames can be significant. In this article, after simulating and validating a moment-resisting frame with self-centering
connections, stiffness and moment—rotation hysteresis diagrams were analyzed after O, |, 5, 10, and 20 years of cable prestressing.
According to the results, two equations were presented to estimate the reduction in the connection stiffness and dissipated energy
by the system based on prestressing level and the time after prestressing. The proposed equations could be used to model semi-rigid
connections.
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Introduction self-centering (SC) connections, high-strength post-ten-
sioned cables or rebars are used parallel to the beam
web throughout the span of the frame restrained by a
- . 4 clamp anchor on the flange of the outer columns
as earthquake-resistant systems experienced brittle frac- of the frame. The cables can significantly reduce the

tures m beam-to-column _connections (MIHCI:, 1998; peak displacement and residual drift of the steel frame
Nakashima et al., 1'995). Thereaftgr, many studies have structure (Dong et al., 2019; Lafortune et al., 2017).
been conducted to improve the seismic performance of
MRFs by beam—column connections with reduced beam
flange and connections reinforced with cover and side
plates (Engelhardt and Sabol, 1998; Tremblay and
Filiatrault, 1997). Earthquake-induced damage, how-
ever, is inevitable in this type of MRFs. Currently, most
of the structural systems are designed to tolerate loads
beyond the elastic limit, leading to mechanisms in certain
zones of the structural system (Filiatrault et al., 2004).
Buildings can ]?e .d651gned mn S.uCh a way that dam- Faculty of Civil Engineering, K. N. Toosi University of Technology, Tehran,
ages would be limited to repairable members. The Iran
structural system with this capability is called self-
centering moment-resisting frame (SC-MRF). Such  Correspondingauthor: I
systems show igher reistance against collpse than NS el o o et N o e o
the conventional MRFs do thanks to additional

. Tehran, Iran.
dampers (Guan et al., 2018; Tzimas et al., 2015). In  Email: fanaie@kntu.ac.ir

During Northridge (1994) and Kobe (1995) earthquakes,
welded moment-resisting frames (MRFs) that were used

Figure 1 shows an SC-MRF with post-tensioned
cables in which a connecting angle is used as an energy
damper. Due to the post-tensioning force after earth-
quake and opening in the connection gap, these post-
tensioned cables or rebars tend to return the structure
to its original position. The total area of the pre-
stressed cables and the yield strength of the dampers
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Figure |. Details of structural elements: (a) seating and top angles of an SC steel frame with post-tensioned cables and (b) an open

external connection of the frame (Garlock et al., 2005).

have the greatest influence on the hysteresis behavior
of the SC systems (Xian et al., 2017).

These connections comprise energy dissipater
devices that experience plastic deformations during
cyclic movements of the frame, which dissipate seismic
energy. Figure 2 shows the moment—rotation (M —6,)
response of an SC steel frame where 6, is the relative
rotation between the beam and the column. This flag-
shaped behavior is governed by gap opening (Ag,,)
and closing of the connection when it is subjected to
cyclic loading. Initial stiffness of the connection prior
to gap opening is the same as that of a welded

M

Figure 2. Moment rotation response of an SC connection
(Garlock et al., 2005).

connection. However, after the decompression
moment (M), which initiates the gap opening, it is
defined by stiffness of the angle and elastic stiffness of
the cables. During loading, the angles yield and, upon
unloading, they will dissipate energy (Garlock et al.,
2005).

Although SC connections have been proven to be a
proper alternative to semi-rigid connections, there are
still not much guidelines in the current seismic design
codes. Thus, further research studies are required to
thoroughly investigate the application of these connec-
tions to buildings. In this regard, finite element (FE)
analysis is an appropriate method that provides the
possibility to analyze the behavior of SC connections.
Several FE studies have been carried out in order to
investigate the effect of different factors on the perfor-
mance of existing connections with SC capability (Al
Kajbaf et al., 2018).

The behavior of a load-bearing structure is a combi-
nation of instantaneous (short-term) and long-term
behaviors. The instantaneous structural behavior at
the time of loading and its long-term behavior are
dependent on material properties and support condi-
tions. Typical long-term structural behaviors include
concrete creep and relaxation of prestressed steel. The
stiffness of the SC system mainly depends on the initial
prestress and stiffness of cables (Huanga et al., 2018;
Smith et al., 2014). Prestressed cables as the main mem-
bers of SC connections are subject to stress relaxation,
which is a time-dependent phenomenon occurring
when stress is applied to a constant length. Ignoring
stress reduction under stress relaxation leads to an
inaccurate picture of the local and general behaviors of
the structure in the long term. This study is aimed at
using the ABAQUS software (ABAQUS/PRE, 2011)
to investigate the behavior of an SC connection under
stress relaxation over time. To this end, stiffness and
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Figure 3. Stress reduction under stress relaxation (Findley
etal,, 1976).

moment-rotation hysteresis diagrams are examined
after 0, 1, 5, 10, and 20 years of cable prestressing
under the influence of different prestressing forces.

Stress relaxation

Stress relaxation is defined as the loss of stress when
the stressed material is held at a constant length (con-
stant strain; Magura et al., 1964). Reduction in initial
prestressing with time is one of the main concerns in
the design of prestressed members. Despite the impor-
tance of accurate estimation of the ultimate prestres-
sing for design purposes, the determination of this
parameter is complicated because of its dependence on
time as well as material and environmental characteris-
tics (Sreevalli and Rao, 2010). Factors affecting stress
relaxation include prestressing duration, steel type, ini-
tial stress, history of re-tensioning, and temperature.
Creep in concrete, which is defined as increased defor-
mation at constant stress, is another manifestation of
this phenomenon (Magura et al., 1964). Figure 3 sche-
matically displays the effect of stress relaxation on the
prestressed cable. As shown in Figure 3, the structure
shows an instantaneous response to the load at a very
short time, fy. The long-term behavior of the structure
is observed in a longer time depending on materials
and support conditions.

Many studies have been carried out to investigate
the dependence of relaxation of steel on these factors
(Magura et al., 1964). Trevino and Ghali (1985) pre-
sented an equation for the relaxation reduction coeffi-
cient and used it in the prestressed concrete design.
Zeren and Zeren (2003) investigated the effect of
temperature on the relaxation behavior and derived
empirical formulas from relaxation test data.
Subsequent studies on cable stress relaxation were gra-
dually directed toward the application analysis of
stress relaxation in practical structures to investigate

the degradation influence. Au and Si (2012) considered
the rheological behavior and conducted a long-term
time-dependent analysis of cable-stayed bridges by
time integration. Atienza and Elices (2007) performed
experimental and numerical studies on stress relaxa-
tion losses in steel tendons to reveal the relationship
between stress relaxation and residual stress in SWs of
prestressed concrete.

Most investigations for estimating stress relaxation
do not exceed a duration of one and a half years.
Magura et al. (1964) predicted stress relaxation in a
prestressed member under different conditions by con-
ducting several tests on a variety of cables. They pro-
posed a logarithmic formula as a function of time
change only with the initial prestressing ratio. The fol-
lowing equation is used for calculating residual stress
in SC connection

fs log? (fi ) Jsi
— =]1—-——(=-0.55) for = =0.55 1
f;j 10 s f)‘/ ( )

where f; represents the residual stress at any time after
prestressing, f;; the initial prestressing, f, the yield
stress, and ¢ is the time in hours. This formula has
recently been used by Au and Si (2012).

FE modeling of the steel frame with SC
connection

A typical SC steel frame experimentally studied by
Garlock et al. (2005) was modeled three-dimensionally
in the ABAQUS software to investigate the behavior
of the SC connection. Garlock et al. (2005) experimen-
tally tested full-scale interior post-tensioned energy dis-
sipating (PTED) connections with bolted top-and-seat
angles and high-strength post-tensioned cables under
cyclic loading. In this study, since no particular failure
mode was considered for the SC connection to take
into account the influence of stress relaxation, 36s-20-
P specimen was selected, which did not experience any
specific failure during the test. The selected specimen
had 36 cables and a flange reinforcement plate. The
total post-tensioning force of cables was 3194 kN.

Geometry modeling

Figure 4 displays the configuration of the selected spe-
cimen. The beam cross section for all samples equaled
W36 X 150 with a nominal yield stress (o,,) of
345 MPa. A reinforcement plate was also welded to
the beam flanges. The column cross section for all
samples was W14 X 398 with a nominal yield stress
(0,,) of 345 MPa and 406 X 292 X 32 mm’ filler
plates were welded to the flanges. The thickness of the
filler plates increased the column area, because the net
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Figure 4. Configuration of specimens used by Garlock et al.
(2005).

Table I. Properties of materials (Garlock et al., 2005).

Item o, (MPa) o, (MPa)
Beam flange 362 498
Beam web 414 527
Reinforcing plate 397 574
Column flange 356 499
Column web 345 496
Angles 383 545
PT cables 1620 523

PT: post-tensioned.

area of the column decreased by the holes created for
passing the cables. The height of the filler plate was
selected in such a way that the angle, beam flange, and
its fillets were in contact with the column flange. The
panel zone of the column was reinforced with a 25-
mm-thick continuity plate. Doubler plates used in the
panel zone were designed to hold the column in an
elastic state. The continuity plates were considered as
the thickness of beam flanges.

The specifications of the materials used by Garlock
et al. (2005) were applied for modeling the SC connec-
tion. In the study by Garlock et al. (2005), several

experiments were conducted to obtain the actual prop-
erties of materials and uniaxial tensile tests were per-
formed in accordance with ASTM1991. Table 1 shows
the static yield stress defined by Galambos (1998) as
well as the ultimate stress for beam, column, angle, and
continuity plates. Steel A572 was used in all specimens
based on the ASTM standard with the yield and ulti-
mate stresses of 345 and 448 MPa, respectively.

Mesh selection and contact surfaces

All members were modeled by continuous three-
dimensional (3D) solid elements for FE modeling of
the steel frame with SC connection. As shown in
Figure 5, the specimens were meshed by 3D hexahe-
dral element C3D8R (eight-node linear brick) with
reduced integral in the ABAQUS software. A mesh
study was carried out to find the mesh sizes which pro-
vide sufficient accuracy. Finer meshes were considered
near the panel zone and angles, which experienced a
higher variation in stress and strain. Tie constraint was
used to model the interaction between the welded
members. The general contact algorithm was used to
model non-welded members. Tangential and normal
behaviors were considered between contacting sur-
faces. A friction coefficient of 0.35 was considered in
accordance with the AISC 360-10 (2010) guidelines.
Normal behavior was applied as hard contact to pre-
vent the penetration of the two adjacent surfaces. To
obtain more accurate solutions, the whole frame was
molded disregarding the symmetry condition for the
steel frame. The studies by Al Kajbaf et al. (2018) were
used for FE modeling of the steel frame with an SC
connection.

Boundary and loading conditions

Roller boundary conditions were considered for each
beam at a distance of 4496 mm from the center of the
column (displacement perpendicular to the frame plane

(2)

(®)

Figure 5. Meshing details of the FE model: (a) panel zone and (b) bolt.
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Figure 6. SAC (Venture, 1997) loading protocol.
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Figure 7. Hysteresis curves for analytical and laboratory
specimens.
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Figure 8. Simple model of moment rotation response of SC
connection (Garlock et al., 2005).

was zero). Pinned boundary conditions were met at the
column base, restricting its displacement in all direc-
tions while allowing its free rotation. To prevent out-
of-plane displacement of beams under cyclic loading,
their lateral displacements were restricted. Prestressing
forces were applied to bolts and cables according to
Garlock et al. (2005). In the conducted experiments,
the loads were applied to the top of the column by two
actuators. The loading protocol in accordance with

SAC (Venture, 1997) is shown in Figure 6. In the FE
modeling of the connection, the loads are applied as
displacement to a point on the top of the column
flange. Each cycle is applied once to the connection to
reduce the analysis time.

Verification of the FE model

To verify the ABAQUS model, the force—
displacement diagrams of the specimen and the FE
model were compared. Figure 7 presents the compar-
ison of the hysteresis curves of the laboratory and
analytical specimens. Specifications of the materials
reported by Garlock et al. (2005) were used for
model verification. As can be seen, there is a good
agreement between the hysteresis curves of analytical
and laboratory specimens.

FE analysis of the steel frame with SC
connection under stress relaxation

Figure 8 presents a simplified graph of Figure 2. It
shows the moment-relative rotation diagram of an SC
connection, where 6, is the relative rotation of the
beam and the column when gap opening occurs.
Before gap opening, the connection behaves as a rigid
connection and 6, is zero until the gap opens between
the beam and the column. The initial stiffness of the
connection after decompression is attributed to the
stiffness of the angles and axial stiffness of the pre-
stressed cables (K;). With an increase in the moment,
the angles will yield. The secondary stiffness of the
connection is mostly associated with the stiffness of
prestressed cables (K5).

Stiffness of the SC connection under stress
relaxation

To examine connection stiffness under stress relaxa-
tion, the FE model is considered with beam supports
and pinned support at the column base on the basis of
the laboratory specimen. As shown in Figure 4, mono-
tonic loading is applied to a point on the top of the
column flange in the FE model. In the first step, gravi-
tational force is applied to the model while applying
prestressing force to the cables and bolts. In the second
step, the point loads are applied to the top of the col-
umn flange.

To examine the connection stiffness, the moment—
rotation curves for each connection are compared in
the specified prestressing ratios. The amount of
debonding of the beam flange relative to the column is
used to calculate the connection rotation. It can be
observed from Figure 9 that diagrams are composed
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Figure 9. Moment—relative rotation curves for the SC connection at different times with the prestressing ratios of (a) 0.6, (b) 0.7,

(c) 0.8, and (d) 0.9.

Table 2. SC connection stiffness at different times (kN-m/
mrad).

t (years) fi/fs
0.6 0.7 0.8 0.9
0 69 150 320 660
| 62 99 165 264
5 60 98 151 211
10 60 94 145 191
20 60 93 142 181

SC: self-centering.

Table 3. Ratios of SC connection stiffness at different times to
the initial value.

t (years) fo/fa

0.6 0.7 0.8 0.9
0 1.00 1.00 1.00 1.00
| 0.90 0.66 0.52 0.40
5 0.87 0.65 0.47 0.32
10 0.87 0.63 0.45 0.29
20 0.87 0.62 0.44 0.27

SC: self-centering.

of two regions with different slopes after debonding of
the beam from the column, as in Figure 8. In the first
region of the diagrams, the stiffness of the connection
comprises the stiffness of the angles and the axial stiff-
ness of the prestressed cables, which is reduced under

the stress relaxation effect on the cables. Reducing the
stress of cables affects the performance of the angles,
but it does not create any impact on the axial stiffness
of cables. That is why in the second region of the dia-
grams, depicted in Figure 9, where the stiffness is due
to the axial stiffness of the cables, the slope of the dia-
grams is the same at different times. The stiffness of
the connection (K;) in different ratios of prestressing
and different times is calculated and presented in
Table 2. Considering the fifth year as the basis of com-
parison, the connection stiffness decreases by 12%,
35%, 53%, and 68% at the prestressing ratios of 0.6,
07, 0.8, and 0.9, respectively, compared to the initial
value (at ¢ = 0).

The stiffness at the specified times relative to the ini-
tial value reported in Table 3 is displayed on the verti-
cal axis in Figure 10. Equation (2) can be presented to
estimate the reduction in the stiffness of the connection

=1-041X% 1ogt<]%—o.55> (2)

aint
0 v

where K is the initial stiffness of the connection, ¢ is

the time in hours, and K is the stiffness of the SC con-
nection at time ¢ after prestressing.

SC connection under stress relaxation in cyclic
loading

To examine the moment-rotation diagram of the SC
connection under cyclic loading and stress relaxation,
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Figure 10. Reduction in SC connection stiffness under stress
relaxation.
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the FE model is considered with beam supports and
pinned support at the column base on the basis of the
laboratory specimen. As shown in Figure 4, the loads
in the FE model are applied as displacement to a point
on the top of the column flange according to the load-
ing protocol presented in Figure 6. To reduce the anal-
ysis time, each cycle is applied once to the connection.
To study the cyclic behavior of the connection under
stress relaxation, the moment—rotation hysteresis and
backbone diagrams of each connection are compared
at specified prestressing ratios. The amount of debond-
ing of the flange of the beam relative to the column is
used to calculate the connection rotation. As shown in
Figures 11 to 14, stress relaxation leads to reduced

3000 "
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Figure I 1. Diagrams of the SC connection versus time at a prestressing ratio of 0.6: (a) hysteresis curves and (b) backbone curves.
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Figure 12. Diagrams of SC connection versus time at a prestressing ratio of 0.7: (a) hysteresis curves and (b) backbone curves.
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Figure 13. Diagrams of SC connection versus time at a prestressing ratio of 0.8: (a) hysteresis curves and (b) backbone curves.
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Figure 14. Diagrams of SC connection versus time at a prestressing ratio of 0.9: (a) hysteresis curves and (b) backbone curves.

Table 4. Dissipated energy by the system at different times

(K))-

t (years) folfi

0.6 0.7 0.8 0.9
0 118.8 126.0 136.5 148.5
| 117.6 122.0 129.7 136.1
5 117.2 121.0 126.3 133.1
10 117.2 120.0 125.8 132.7
20 117.2 119.9 124.1 130.0

Table 5. Ratio of dissipated energy by the system at different
times to the initial value.

t (years) fs/fsi

0.6 0.7 0.8 0.9
0 1.00 1.00 1.00 1.00
| 0.99 0.97 0.95 0.92
5 0.99 0.96 0.92 0.90
10 0.99 0.95 0.92 0.89
20 0.99 0.95 0.91 0.88

dissipated energy by the system so that more energy is
dissipated with an increase in the prestressing ratio.
The stress change in the cables is effective in the first
region and it does not exert any impact on the stiffness
of the connection in the second region of Figure 8. A
reduction in dissipated energy by the system is lower
than that in connection stiffness in the first region due
to the stress relaxation phenomenon.

The dissipated energy at different ratios of prestres-
sing and different times is calculated and presented in
Table 4. Considering the fifth year as the basis of com-
parison, the dissipated energy is reduced by 1%, 4%,
8%, and 10% at the prestressing ratios of 0.6, 07, 0.8,
and 0.9, respectively, compared to the initial value (at
t = 0). The ratio of dissipated energy at specified times
to the initial dissipated energy reported in Table 5 is

0 0.5 1 1.5 2
Log (t)x (Initial prestress ratio -0.55)

Figure 15. Reduction in dissipated energy by the SC moment
frame under stress relaxation.

displayed on the vertical axis in Figure 15. Equation
(3) can be presented to estimate the reduction in dissi-
pated energy by the system

E ’
E—’ =1—0.064 X logt(J% - o.ss) (3)

0 y

where Ej is the initial dissipated energy, ¢ is the time in
hours, and E, is the dissipated energy by the system at
time 7 after prestressing.

Conclusion

To investigate the effect of stress relaxation on the per-
formance of a steel frame with SC connection, the
laboratory models developed by Garlock et al. (2005)
were studied at the prestressing ratios of 0.6, 0.7, 0.8,
and 0.9. A model with monotonic loading was used to
study the connection stiffness. A model under cyclic
loading was also used for evaluating the cyclic beha-
vior and dissipated energy by the SC connection. The
main results are summarized as follows:

1. The changes in stiffness and dissipated energy
by the steel frame with SC connection were
much higher in the first 10 years than in the
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second 10 years. One can conclude the rela-
tively good stability of the connection in the
second 10 years.

2. At a prestressing ratio of 0.6, the stiffness and
dissipated energy by the SC connection were
not affected by stress relaxation over time;
thus, the connection showed a stable behavior
throughout the life of the structure. The system
showed higher stiffness and dissipated energy
at larger prestressing ratios.

3. Considering the fifth year as the basis of com-
parison, stiffness was reduced by 12%, 35%,
53%, and 69% at the prestressing ratios of 0.6,
07, 0.8, and 0.9, respectively, compared to the
initial value.

4. Considering the fifth year as the basis of com-
parison, dissipated energy was reduced by 1%,
4%, 8%, and 10% at the prestressing ratios of
0.6, 07, 0.8, and 0.9, respectively, compared to
the initial value.

5. Considering the changes in the stiffness of the
SC connection at different prestressing ratios
under stress relaxation, equation (2) was pre-
sented to predict stiffness reduction.

6. Given the changes in the energy dissipated by
SC-MREF at different prestressing ratios under
stress relaxation, equation (3) was presented to
predict the reduction in dissipated energy by
the system.

In this study, the effect of stress relaxation on the
performance of an SC connection with bolted top-and-
seat angles as energy dissipater devices is investigated.
For future studies, the effect of stress relaxation on the
performance of an SC connection with dampers can be
investigated.
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