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Abstract: In this study, the seismic responses of moment-resisting steel frames (MRSFs) with welded
and post-tensioned connections under 28 artificial seismic sequences (mainshock–aftershock) are
compared. For this aim, the mainshock are scaled at different ground motion intensity levels as a
function of the spectral pseudo-acceleration corresponding to the fundamental period of vibration of
the structure Sa(T1), whereas different intensity levels of the aftershocks are used for a percentage
of the peak maximum acceleration of the mainshock. The seismic performance comparison of both
structural systems is computed for the maximum, residual inter-story drift and hysteretic energy
demands. The results show that post-tensioned frames significantly reduce the structural demands,
especially in the case of residual inter-story drifts and hysteretic energy in comparison with moment-
resisting steel frames with welded connections. The reductions in the structural response tend to
be larger as the intensity of the aftershock tends to increase. Therefore, it is concluded that the use
of post-tensioned connections is a great alternative to mitigate the seismic response of buildings
subjected to seismic sequences.

Keywords: seismic sequences; post-tensioned steel buildings; hysteretic energy; residual drifts;
peak drifts

1. Introduction

During the second half of the 20th century, a large number of buildings have suffered
severe damage due to high intensity seismic events. Therefore, several researchers focused
their studies on the proposal and improvement of design methodologies, since a large
number of these buildings did not exhibit the expected behavior during seismic events. For
example, during the earthquakes of Kobe in 1995, Northridge in 1994 and Mexico City in
1986, moment-resistant steel frames (MRSFs) with welded beam-column connections did
not develop the strong-column weak-beam collapse mechanism considered in structural
design, which contemplates the formation of plastic hinges at the ends of the beams.
Instead, another damage pattern was observed, prior to the formation of plastic hinges
in the beam: a brittle fracture along the welded joint appeared [1], which demonstrated
an extremely low ductility capacity of this type of structure. Because of the inadequate
performance of MRSF with welded connections, the study of MRSF with semi-rigid bolted
beam-column connections began to be developed. This type of connection ensures the

Buildings 2023, 13, 1676. https://doi.org/10.3390/buildings13071676 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13071676
https://doi.org/10.3390/buildings13071676
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-9892-4898
https://orcid.org/0000-0001-5661-7091
https://orcid.org/0000-0002-2731-6780
https://doi.org/10.3390/buildings13071676
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13071676?type=check_update&version=2


Buildings 2023, 13, 1676 2 of 20

formation of the strong-column weak-beam collapse mechanism since the elements that
compose the joint are ductile and offer the ability to isolate the damage to easily replaceable
non-structural elements. With the aim of increasing the stiffness and resistance capacity in
this type of connection, Ricles et al. [2] proposed to reinforce the beam-column connection
constituted by two “top and seat” steel angles with high resistance steel strands placed
in the direction of the main axis of the beam and anchored in the outer flanges of the
columns, which are post-tensioned after the installation of the angles and the beam [2,3].
From this connection, a moment-resistant post-tensioned steel frame is obtained, offering
self-centering properties, high ductility and hysteretic energy dissipation (EH). The aim
of this connection is to transmit the damage to the angles, which through their inelastic
behavior dissipate the hysteretic energy, avoiding damage to the main elements of the
frames (beams and columns) under the action of severe earthquakes. Other alternatives
for connecting with energy dissipative elements have been proposed: with friction plates
bolted to the beam flange [4]; and post-tensioned high-strength steel bars that remain in
the elastic range during the seismic response, designed to yield in tension and compression
stresses [5].

Post-tensioned steel frames with energy dissipating elements (PTDE) have been shown
to be a strong option to replace MRSFs [6–18]. In fact, recent studies have concluded that PT-
DEs perform better than MRSFs with welded connections [19–21]. López-Barraza et al. [19]
compared both types of frames subjected to 30 narrow-band seismic records using incre-
mental nonlinear dynamic analysis [22], where a considerable reduction in all response
parameters of PTDEs is observed, such as: maximum and residual inter-story drift, basal
shear and internal forces in beams and columns. Something very interesting is that the
total demand for EH is lower in PTDEs.

The dynamic analysis of the PTDEs becomes complex by taking into account the hys-
teric behavior of the post-tensioned semi-rigid connection (PTC) accurately. Currently, some
proposals for modeling PTC have emerged: a bi-linear model [23], a multi-linear model [24]
and recently a continuous hysteretic model [21]. These models were proposed based on
experimental studies, so they are limited to a small number of results. The implementation
of PTC in steel frames continues to be investigated analytically and experimentally due
to the benefits it brings, such as the application of pre-stress in slender columns on a full
scale [25], in the reinforcement of columns and beams of different types of steel frames [26],
steel bridges [27–29], trusses [28] and concrete joints with carbon fiber strips [30] using
finite element programs as a tool. On the other hand, buildings constructed in highly
seismic zones are exposed to different ground motions events. Generally, every strong
seismic event (mainshock) has a lower intensity known as an aftershock, that may even
be imperceptible. Sometimes even the aftershock could produce higher ground motion
intensities, as occurred in Canterbury on 3 September 2010 (Mw = 7.0), where a strong
aftershock (Mw = 6.3) hit the city of Christchurch, causing large amounts of damage to
buildings located in the financial district on 21 February 2011 [31] because of the larger
intensities in comparison with the mainshock (since the distance of this site to the fault
was closer).

Due to the aforementioned, a seismic sequence is made up of a set of ground motions
separated by time intervals, where the first event is called a precursor that occurs before the
main event, followed by the mainshock and the aftershock, as long as both occur within a
distance of one to two times the failure length of the fault that caused the mainshock [32,33].
In the literature, there is a general agreement that aftershocks are triggered by stress changes
of some sort produced by the rupture of the mainshock [34,35]. In general, large earthquakes
are followed by increasing of the seismic activity, which generate several aftershocks. In
general, the aftershocks could continue for weeks, months or even years [36,37]. It is
important to say that as large as the mainshock is, the aftershocks tend to be stronger,
and the duration, size and frequency decay over time [38,39]. For this reason, it is very
important to study the seismic behavior of structures under seismic sequences.
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Although the PTDEs have been shown to perform better during seismic events, they
have only been studied in the occurrence of a single event or mainshock. Motivated by the
need to understand the seismic behavior of structures under seismic sequences, the main
objective of the present work is to study and compare the seismic performance of PTDEs
and MRSFs subject to seismic sequences obtained from soft soil sites of Mexico City.

Previous studies have determined that Mexico City has only one seismic sequence
recorded in soft soil (amounts of water greater than 400%), recorded in the Central Abastos
station (CDAF) during the earthquakes that occurred on 19–20 September 1985 [40], and
their acceleration history is available in the Mexican Database of Strong Earthquakes, edited
by the Mexican Society of Seismic Engineering.

In this study, a set of seismic sequences of narrow-band motions through a randomized
approach will be generated. For this aim, eight seismic records from the database of strong
earthquakes in soft soil that have similar period values to those of the actual CDAF sequence
were selected, four with a period similar to the mainshock (3 s) and four with a period
similar to the aftershock (2.3 s). The four records with a similar period of 3.0 s represent
the mainshocks and the total eight records represent the aftershocks in artificial seismic
sequences. Therefore, through these records, a total of 28 different seismic sequences
combinations will be used to evaluate and compare the seismic performance of PTDEs and
MRSFs for maximum, residual inter-story drifts and hysteretic energy as seismic response
parameters via incremental dynamic analysis.

2. Methodology
2.1. Seismic Sequences

Previous studies have evidenced the scarcity of seismic sequences recorded in the soft
soil zone of Mexico City [41–43]; however, when seismic events of these characteristics
occur, they produce severe damage to buildings, therefore it is necessary to evaluate the
seismic performance of structures subjected to seismic sequences. In this work, the use of
artificial seismic sequences developed by the randomized approach to evaluate the seismic
performance of structures will be used. This approach consists of assembling a set of real
seismic records to generate artificial sequences, first a mainshock is selected, then a period
of time with zero accelerations is added; finally, the aftershock is assembled [41–45]. This
procedure allows the combination between all considered records. A set of 8 strong ground
motions recorded in the soft soil zone of Mexico City [46], listed in Table 1, was selected.
Due to the predominant soil periods (Tg) of the mainshocks and aftershocks recorded in
the Central de Abastos Station from Mexico City (CDAF) are 3.0 and 2.3 s, respectively, the
records with predominant soil periods of 3.0 s will be used as mainshocks, and the rest of
the records will represent aftershocks. It is important to say that a ground motion record
will be not used to represent the mainshock and the aftershock. Thus, a total of 28 seismic
sequences were developed, separating the mainshock from the aftershock with 20 s of zero
accelerations to ensure that the structures reach a repose state after free vibration. The
combination of the 28 seismic sequences is illustrated in Figure 1. Notice that incremental
dynamic analysis (IDA) will be used in order to evaluate the seismic performance of PTDE
and MRSF models. It is important to say that the Mexico City Building Code suggests the
use of 12 ground motion records. For this reason, we have used a number of records larger
than 12 (in this case 28).

All records used in this study have been scaled. The scaled criterion was based on the
spectral acceleration at the first mode of vibration of particular structure Sa(T1) values from
0.1 to 2.0 g with 0.1 g increments. The methodology used is as follows:

1. First, the 8 records were integrated to obtain their ground acceleration history.
2. Then, the Sa(T1) values of each record in terms of the structural period are estimated.
3. The target Sa(T1) values from 0.1 to 2.0 g with 0.1 g increments are divided by the real

Sa(T1) values of each record in order to obtain 8 scale factors per each scaling level
from 0.1 to 2.0 g.

4. The ground acceleration histories were multiplied by the corresponding scale factors.
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5. The ground acceleration histories were derived by each of the corresponding scale
factors to obtain the scaled mainshocks.

6. The aftershocks are obtained in order to have values of 0.25, 0.5, 0.75, 1.0 and 1.25 peak
ground acceleration PGA of the scaled mainshocks.

Table 1. Records used in the generation of seismic sequences.

Record Station Date Magnitude PGA (cm/s2) Tg (s)

1 Villa del mar 25/04/1989 6.9 46.5 2.96
2 Villa del mar 25/04/1989 6.9 49.4 2.96
3 Jamaica 25/04/1989 6.9 35.2 3.04

4 Rodolfo
Menendez 25/04/1989 6.9 47.7 2.89

5 P.C.C.
Superficie 25/04/1989 6.9 42.5 2.3

6 Córdova 14/04/1989 7.1 19.4 2.3
7 Liverpool 15/04/1989 6.9 40.0 2.3
8 Roma-B 14/04/1989 7.1 25.0 2.3
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Figure 1. Combination of ground motion records to obtain the seismic sequences.

Figure 2 shows illustrative examples of artificial seismic sequences for three intensity
levels of the aftershock.

2.2. Structural Models

To achieve the stated objectives of the study, four different steel frames were designed
and analyzed. They are identified in two groups: frames with welded connections (MRSFs)
and frames with post-tensioned connections (PTDE). The first group of structures was
designed for office occupancy under Mexico City Building Code [47]. The buildings are
4, 6, 8 and 10 stories with heights of 3.5 m, and 3 bays of 8 m, named F4, F6, F8 and
F10, respectively. Figure 3 shows an illustrative example of a standard frame. Beams and
column sections correspond to ASTM A36 structural steel W profiles. In order to consider
the inelastic behavior of the material, a hysteretic bilinear model with 3% post-yielding
stiffness was selected for beams and columns. In addition, for the seismic analyses, 3%
of the critical damping was used. The 4-, 6-, 8- and 10-story frames have a fundamental
period of vibration of 0.90, 1.07, 1.20 and 1.37 s, respectively.

The PTDEs design was based on the methodology established by Garlock [48], which
begins designing the steel frame with rigid connections, then the semi-rigid connection is
designed under service loads action. The post-tensioned beam-column connection type is
composed by two angles screwed to the beam (located at the top and bottom) and column
flanges. In all the frames, the angles are composed by 50 grade steel and have a length
equal to the beam flange width, 152 mm of length on each side and a 13 mm of thickness.
Post-tensioned cables consist of seven wires with a 150 mm2 of area and support a 279 kN
load. These are anchored at the outer ends of the frames parallelly to beams axis, drilling
the interior columns. According to Garlock [48], the initial tension in the cables must be
less than 0.33 of their maximum capacity. Figure 4 presents an example of the assembly of
a post-tensioned steel frame, where it can be seen the different elements that composes it:
angles (energy dissipating elements), reinforcement plates, post-tensioned cables, beams
and columns. Steel frames with post-tensioned connections are identified as F4PT, F6PT,
F8PT and F10PT, and their fundamental vibration period are 0.89, 1.03, 1.25 and 1.37 s,
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respectively. The ground floor columns are fixed to the base without post-tensioning. The
beam and column sections of all models are shown in Tables 2 and 3. It is relevant to
comment that the MRSF and PTDE sections are the same in order to observe the benefits of
using post-tensioned connections. Notice that the FE-based software named RUAUMOKO
was used for the nonlinear dynamic analyses. The hysteretic behavior model (flag-shaped
Bi-linear, model IHYST 50 in Ruaumoko) was selected for modeling the PT connections, the
same critical damping of 3% as in the case of MRSF was used. The new chapter describe
the hysteretic behavior of the PT connection.
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Table 2. W sections of the steel frame models with six and ten story levels.

Frames F6
F6PT

F10
F10PT

F6
F6PT

F10
F10PT

F6
F6PT

F10
F10PT

Stories Internal Columns External Columns Beams

1 30 × 173 36 × 280 27 × 146 36 × 280 18 × 71 21 × 68
2 30 × 173 36 × 280 27 × 146 36 × 280 18 × 76 21 × 93
3 30 × 148 36 × 245 27 × 129 36 × 245 18 × 76 21 × 101
4 30 × 148 36 × 245 27 × 129 36 × 245 18 × 67 21 × 101
5 30 × 124 36 × 210 27 × 114 36 × 210 18 × 50 21 × 101
6 30 × 124 36 × 210 27 × 114 36 × 210 18 × 45 21 × 93
7 36 × 182 36 × 182 21 × 73
8 36 × 182 36 × 182 21 × 68
9 36 × 150 36 × 150 21 × 57

10 36 × 150 36 × 150 21 × 50
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Table 3. W sections of the steel frame models with four and eight story levels.

Frames F4
F4PT

F8
F8PT

F4
F4PT

F8
F8PT

F4
F4PT

F8
F8PT

Stories Internal Columns External Columns Beams

1 21 × 122 36 × 210 18 × 97 36 × 194 16 × 67 21 × 83
2 21 × 122 36 × 210 18 × 97 36 × 194 16 × 57 21 × 93
3 21 × 111 36 × 194 18 × 86 36 × 182 16 × 45 21 × 93
4 21 × 111 36 × 194 18 × 86 36 × 182 16 × 40 21 × 83
5 36 × 170 36 × 160 21 × 71
6 36 × 170 36 × 160 21 × 65
7 36 × 160 36 × 135 21 × 55
8 36 × 160 36 × 135 21 × 46
9

10

2.3. Nonlinear Behavior of the PT Connection Model

The cyclic behavior of the post-tensioned frames are characterized by moment-rotation
curves (M-θr), which usually present shapes similar to a flag, as was stated before. Ex-
perimental tests with isolated angles, subjected to cyclic and monotonic loads conducted
by Shen and Astaneh-Asl [49], showed a stable cyclic response and good capability of
hysteretic energy dissipation. In general, the ultimate strength exceeds 3 times the yield
strength and ductility reaches values between 8 and 10. The strength and stiffness in
bending of the post-tensioned connections is provided by the contribution of the angles
of the PTC and by post-tensioned strands. Wires and angles work as springs in parallel.
Post-tensioned strands exhibit linear behavior, while connecting angles behave non-linearly.
Figure 5 shows a typical example of a hysteretic curve corresponding to a post-tensioned
connection. The mathematical equation of the hysteretic curves has been obtained from
the superposition of the exponential equation proposed by Richard [50] for semi-rigid
connections and the linear contribution of the strands, as well as decompression moments
(Md) and the closing moment (Mc) of the connection. Notice that My corresponds to the
yielding moment. In the case of the unloading curve, Ma and θa are the maximum values
reached in each cycle. As it was indicated before, more information about this hysteretic
behavior can be find in RUAUMOKO.
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Figure 5. Moment-relative rotation hysteretic curve for the post-tensioned connection.

2.4. Dynamic Analyses

In order to estimate the seismic performance of the selected steel structures under
mainshock–aftershock seismic sequences, in this study the incremental dynamic analysis
approach is used. For this aim, the selected structural models (including MRSFs and PTDE)
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with 4, 6, 8 and 10 stories are subjected to the artificial seismic sequences described in
Section 2.1. As it was previously discussed, all the ground motion records are scaled at
different seismic intensity levels as a function of Sa(T1) (for the case of mainshock), while
the aftershocks are scaled for different fractions of the mainshock; thus, 0.25, 0.5, 0.75,
1.0 and 1.25 times of peak ground acceleration of the scaled mainshock were considered for
the aftershocks. The comparison of the seismic performance is computed for the maximum,
residual inter-story drift and hysteretic energy demands. Twenty-eight combinations of
seismic sequences were created by the randomized approach, resulting from 4 mainshock
and 7 aftershock records. Notice that after scaling each seismic sequence, a total of 2800 dif-
ferent artificial seismic sequences are obtained. The inelastic dynamic time history analysis
was performed through the RUAUMOKO computer program [51]. As illustrative example
Figure 6 shows two IDA plots corresponding to maximum inter-story drift demands of the
F10PT frame subjected to the 28 seismic sequences and aftershock scales of: (a) 0.25 and
(b) 1.0 times the peak acceleration of the mainshock. It is important to mention that in
Figure 6a, only four IDA curves based on dots are observed, since the influence of the
aftershock is insignificant, indicating that the maximum demands were caused by the
mainshock. In the case of Figure 6b, more dot IDAs are observed, demonstrating the
participation of the aftershock in the estimation of the maximum inter-story drift demands.
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3. Numerical Results
3.1. Results for Maximum Inter-Story Drifts

The numerical results of the incremental dynamic analyses are presented in this section
considering the maximum inter-story drift as the engineering demand parameter. Figure 7
compares the IDAs of all the structural models subjected to the 28 seismic sequences when
the PGA of the aftershock (PGAaf) is equal to the PGA of the mainshock (PGAms). Notice
that in the left side of Figure 7 the results for the structural models with welded connections
are presented for MRSFs, while the right side shows the IDA curves for the PTDE (all the
figures have the same scale). In first place, it is observed that as the number of stories
increases, the structural response based on peak drift demands tend to decrease; on the
other hand, for all the models, the maximum inter-story drifts are smaller for the frames
with post-tensioned connections in comparison with the MRSFs. This conclusion is also
valid for different intensities of the aftershocks, as can be observed in Figure 8, where the
median values of the maximum inter-story drift are presented for both structural models
under consideration. Figure 8 suggests that the effect of the aftershock is important if the
PGAaf is equal or larger than 0.75 times the PGAms. Moreover, it is concluded that when
PT connections are used in the steel frames, the seismic performance of the structures is
considerably improved.
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Figure 7. Incremental dynamic analysis in term of maximum inter-story drift (left side MRSF—right
side PTDE) for frame: (a) F4; (b) F4PT; (c) F6; (d) F6PT; (e) F8; (f) F8PT; (g) F10 and (h) F10PT.
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Figure 8. Median values curves of maximum inter-story drift (left side MRSF—right side PTDE). The
legends indicate the structural frame and the scaling level of the aftershocks.

To better understand and assess the benefits of using post-tensioned connections in
steel buildings, the ratio of maximum inter-story drift (RMID), defined as the MID of the
PTDE divided by the MID of the MRSFs, is presented in Figure 9 for three level of intensities
of the aftershocks (PGAaf equal to 0.75, 1.0 and 1.25 times the PGAms). As it is observed,
in all cases the RMID value is less than one, indicating that the MIDs of the PTDE system
are less than the MRSF results for most of the study cases. In fact, the reduction of the
maximum inter-story drift of the steel buildings with PT connections is about 40 and 80%
in comparison with the response of the structures with welded connections, as can be
observed in Figure 9. Likewise, the aftershock scales have a very low effect on RMID; in
particular, for the steel structures with larger numbers of stories. In general, steel frames
with post-tensioned connections show about 30% in average reduction of maximum inter-
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story drift in comparison with MRSFs. Furthermore, the effect of the intensity of the
aftershocks in the case of the maximum inter-story drift of the PTDE is almost insignificant.
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3.2. Results for Maximum Residual Inter-Story Drift (MRID)

In this section, the results for maximum residual inter-story drifts of the structural
models subjected to the 28 seismic sequences scaled at different intensities of the mainshock
and the aftershocks are presented. Notice that McCormick et al. (2008) [52] concluded that
a residual inter-story drift greater than 0.5% represents significant discomfort for building
occupants and Hyogoken-Nanbu demonstrates that residual inter-story drifts greater than
0.5% are not economically profitable. This is very important because if an engineering
demand parameter is defined for new seismic design codification based on peak residual
demands, the target value should be about 0.5%.

Figure 9 shows the median results of the IDA curves for the MRID for the all the
selected MRSFs and PTDEs under the set of the 28 seismic sequences at different intensity
levels of the aftershocks. While the left side of the figure corresponds to the results for the
MRSFs, the right side is associated with the PTDE maximum residual drift demands. A low
dispersion can be observed in the residual demands of all the frames for the different inten-
sity levels of the aftershocks; moreover, as the number of stories increases, the dispersion is
considerably reduced. Thus, the most important observation is that the values of the MRID
are very similar for all the intensities of the aftershocks and considering both structural
models. In other words, the values of the peak residual drifts have some independence of
the intensity of the aftershock. In particular, the influence of the aftershocks in the structural
steel framed models with posttensioned connections is insignificant. On the other hand,
for both structural models with welded and posttensioned connections, as the intensity
of the mainshock increases, the response for residual drifts also increase; especially, for
the traditional MRSF buildings, the MRIDs are larger in comparison with the PTDE. It is
important to say that the seismic performance of the PTDE is superior to the traditional
MRSF models. In fact, the MRIDs of the frames with post-tensioned connections are less
than 0.5%, demonstrating that this type of structure considerably reduces the displace-
ments; in addition, unlike MRSF, they avoid being demolished after seismic sequences. It is
important to mention that McCormick et al. [52] established a MRID limit of 0.5% as the
maximum displacement for an economically viable structural repair that guarantees the
user’s comfort as it was discussed previously.

To further compare the seismic performance of steel frames with different connection
systems (MRSFs and PTDE structures) in the case of MRID, a parameter based in the
relation of the MRID of the PTDE divided by the MRID of the MRSFs is used (here named
residual inter-story drift ratio RRD). Figure 10 shows the average of RRD vs Sa(T1) for all
the frames starting from values of 0.5g of the intensity, since for smaller values the residual
drift is almost zero, in other words, the structures behave elastically. Notice that all the
RRD values are less than one for all the models and scaling levels, indicating that for all
the structural frames the residual inter-story drift is considerably reduced by means of
post-tensioned connections. In fact, the results show that for the structural post-tensioned
frames models with 4, 6, 8 and 10 stories, the RID is reduced by about 55%, 51%, 76% and
68% under the seismic sequences. These comparisons show that the implementation of
post-tensioned connections with energy dissipating devices could significantly reduce the
permanent damage in steel structures.

Table 4 shows comparisons for different aftershock intensities of the structural response
of the PTDE with respect to the MRSF for Sa(T1) and RID when the frame reaches the
maximum capacity for peak inter-story drift (γ = 0.03). Notice that the PTDE models
show great advantages over the MRSFs subjected to seismic sequences, since they can
reach a greater pseudo-acceleration and a lower residual drift for the same peak inter-story
drift. It is important to highlight that no PTDE exceeded the value of 0.5% for the residual
inter-story drift.
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Table 4. Results to compare seismic performance parameters of frames under seismic sequences.

Aftershock
Scale EDP F4 F4PT F6 F6PT F8 F8PT F10 F10PT

0.75

Sa(T1)[g] 0.88 0.97 1.39 1.54 0.86 1.2 0.83 1.18

γ 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

RID 0.0066 0.001 0.0055 0.0011 0.0026 0.001 0.0029 0.001

1.0

Sa(T1)[g] 0.88 0.95 1.32 1.535 0.832 1.19 0.79 1.12

γ 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

RID 0.0066 0.00173 0.0068 0.0017 0.004 0.0016 0.0025 0.0011

1.25

Sa(T1)[g] 0.75 0.8 1.075 1.33 0.715 0.97 0.7 0.965

γ 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

RID 0.0061 0.001 0.001 0.0065 0.0025 0.0013 0.0035 0.001

3.3. Peak and Residual Inter-Story Drifts Distribution along the Height

Residual drifts are compared with MID of the PTDE and MRSF models. In order to
show the seismic performance difference between these two structural models in the 6- and
10-story steel frames, Figures 11 and 12 compare these results at different story levels. Thus,
the distributions of the peak and residual drift along the height are plotted. The median
RID and MID values of all models are plotted for mainshock Sa(T1) intensities of 0.5 g, 1.0 g,
1.5 g and 2.0 g, and aftershock scales of 0.75, 1.00 and 1.25 of the MID. It is observed that as
the scales of both events increase, the MID and RID increase in the two structural systems
studied. For all the cases and scaling values, the RIDs of the frames with post-tensioned
connections are less than 0.5%, demonstrating that this type of structure considerably
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reduces displacements, and, unlike MRSF, avoid being demolished after seismic sequences.
It is important to mention that McCormick et al. [52] established a RID limit of 0.5% as the
maximum displacement for an economically viable structural repaird that guarantees the
user’s comfort.
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4. Hysteretic Energy Demands (EH)

One of the most important approaches to propose the implementation of post-tensioning
systems in steel frames is the concentration of the energy received by severe earthquakes
in replaceable non-structural elements with the capacity to dissipate energy through their
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elastic (steel wires) and plastic deformation (steel angles). The EH is computed via the
incremental dynamic analysis developed for each frame subject to the set of seismic se-
quences described in the previous chapters and scaled at different values of Sa(T1) for
the mainshock and a percentage value of the peak ground acceleration of the main event.
For the case of Sa(T1,) it scaled from 0.1 to 2.0 g with 0.1 g increments and the secondary
event from 0.25 to 1.25 times its maximum acceleration with respect to the first event
with 0.25 increments. Under the incremental dynamic analysis approach, the results are
discussed for the maximum EH that dissipates the rigid and post-tensioned frames. The
frames with rigid connections show a capacity to dissipate more energy than frames with
post-tensioned connections, because the stiffness of welded connections has the ability to
dissipate by rigidly connected structural elements and the ability to resist moments through
its drifts. Regarding the frames with semi-rigid post-tensioned connections, the energy
dissipation is carried out in the columns and non-structural ductile elements (angles and
wires), while the beams dissipate a negligible amount of energy.

In order to characterize the PTDE, they were subjected to an inelastic pushover analysis
to obtain parameters such as yield displacement Dy, yield basal shear Vy, and the seismic
coefficient Cy, which is defined as the ratio of the horizontal shear force at the base between
the weight of the frame. Table 5 shows the results of all the frames, where in all cases, the
posttensioned frames have higher seismic coefficient values, a greater yield shear capacity at
a lower displacement. That is, the PTDE show great advantages for this seismic parameter,
which translates into supporting a higher shear load with a lower yield displacement
subjected to a higher scaling acceleration.

Table 5. Values of parameters Cy, Vy and Dy.

F4 F4PT F6 F6PT F8 F8PT F10 F10PT

Cy 0.23 0.39 0.26 0.4 0.27 0.34 0.3 0.34
Vy (N) 78,000 134,000 132,000 200,000 181,000 230,000 250,000 275,000
Dy (m) 0.12 0.1 0.18 0.14 0.19 0.19 0.25 0.22

Normalized Hysteretic Energy (EHN)

Hysteretic energy is defined as a seismic demand parameter that is related to the
damage of a structure under the action of a seismic event. An earthquake-resistant structure
based on energy design must have the capacity to dissipate more energy than the energy it
can receive from an earthquake. A given value of EH does not imply that a building may
present damage; parameters such as the number of hysteretic cycles and their amplitude to
which the frame is subjected intervene, that is, two frames dissipating the same amount
of energy can present different damage levels. Considering the above, it is necessary to
normalize the EH with respect to the yield parameters of the structure, such as Dy and Vy.
The normalized hysteretic energy is evaluated as EHN = EH/(Dy × Vy).

Figure 13 illustrated the median values of the EHN obtained from the incremental
dynamic analysis for all the structural models and intensities of the aftershocks. It is
observed that in all cases, EHN is lower in the post-tensioned frames compared to the
frames with rigid connections, thus the PTDE present less damage under seismic sequences
at different scaling values of the mainshock or the aftershock. Notice that although the
hysteretic energy demands tend to increase as the aftershock intensity increases, this
increment tends to be larger for the traditional steel structures in comparison with the post-
tensioned frames. Finally, the advantages of the PTDEs over the MRSFs are remarkable,
since they show a better structural performance for peak, residual or the cumulative damage
parameters studied under seismic sequences.
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Figure 13. EHN median curve results for all structural models. The legends indicate the structural
frame and the intensity of the aftershock.

5. Conclusions

This study compares the seismic performance between 4-, 6-, 8- and 10-story steel
buildings with welded and post-tensioned connections, by analyzing three important
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engineering demand parameters: maximum inter-tory drift (MID), residual inter-story
drift (RID) and normalized hysteretic energy. The seismic performance was evaluated by
inelastic incremental dynamic analysis by mean of 28 different seismic sequences. For this
purpose, the mainshock was scaled from 0.1 to 2.0 g of Sa(T1) intensity measure, while
aftershocks were considered with scales of 0.25, 0.5, 0.75, 1.0 y 1.25 times the maximum
acceleration of the scaled mainshock. Therefore, each frame was subjected to 2800 seis-
mic sequences.

The results reveal that the combination of energy dissipating devices with post-
tensioned steel tendons in steel frames connections significantly reduce the MID demands
by an average of 43.85% and RID demands by 59%. In addition, the residual inter-story
drifts of the PTDE are less than the limit established for an economically viable structural
repair (0.5%). Thus, it is demonstrated that post-tensioned connections in steel frames can
significantly control seismic performance parameters in high seismic activity areas, under
the action of an artificial seismic sequences composed by two different earthquakes scaled
under different intensity measures.

The EHN normalized hysteretic energy shows that the PTDE presents less damage
than the MRSF subjected to seismic sequences, even when the aftershock acceleration is
greater than that of the mainshock event.

Finally, it is important to say that significantly reductions of the MID, RID and the
hysteretic energy demand parameters in the steel frames with post-tensioned connections
help to reduce the damage for the main structural elements of the frames such as beams and
columns as its inelastic behavior is almost null. Therefore, the repair cost is also reduced and
its life cycle is longer. It is concluded that the use of post-tensioned connections considerably
improves the seismic performance of steel building under mainshock–aftershock effects.
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