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A B S T R A C T   

This paper evaluates the potential of novel steel column bases to reduce the residual drift risk of steel buildings 
located at near-fault regions when installed to post-tensioned self-centering moment-resisting frames (SC-MRFs). 
To this end, a prototype steel building is designed that consists of either conventional moment-resisting frames 
(MRFs) or SC-MRFs or SC-MRFs equipped with the novel steel column base (SC-MRF-CBs). The MRFs and SC- 
MRFs are used as benchmark frames. The frames are modelled in OpenSees where material and geometrical 
non-linearities are considered along with stiffness and strength degradation. A set of 91 near-fault ground mo-
tions with different pulse periods is used to perform incremental dynamic analysis (IDA), in which each ground 
motion is scaled appropriately until different residual storey drift limits are exceeded. The probability of ex-
ceedance of these limits is then computed as a function of the ground motion intensity and the period of the 
velocity pulse. Finally, the results of IDA are combined with probabilistic seismic hazard analysis models that 
account for near-fault directivity to evaluate and compare the residual drift risk of the frames used in this study. 
Results show that the predicted residual drift performance of the frames is influenced by the pulse period of the 
near-fault ground motions. The use of the novel steel column base significantly reduces the residual drift risk of 
the frames and the SC-MRF-CB exhibits the best residual drift performance. Finally, the paper highlights the 
effectiveness of combining post-tensioned beam-column connections with the novel steel column base, by 
showing that the SC-MRF-CB improves the residual drift performance of the MRF and SC-MRF by 80% and 50%, 
respectively.   

1. Introduction 

Earthquake ground motions that occur in the near-fault regions are 
often characterised by a long-duration and large-amplitude velocity 
pulse, observed at the beginning of the fault-normal (FN) ground ve-
locity time-history. This type of pulse has a probability of occurrence 
which depends on the site-to-source geometry and a peculiar pulse 
period, which is a function of the earthquake magnitude [1,2]. These 
pulse-like near-fault ground motions are generated when the fault 
rupture propagates towards the site and the rupture velocity is close to 
the shear-wave velocity. This results to the constructive interference of 
the seismic wavefront and the arrival of the seismic energy from the 

rupture in the form of a large-amplitude pulse [3]. The seismic response 
of non-linear single-degree-of-freedom systems subjected to near-fault 
ground motions has been extensively investigated [ [4–7] and refer-
ences therein]. Moreover, the seismic performance of yielding 
moment-resisting frames (MRFs) in the near-fault regions has been 
studied showing increased storey drifts [ [8–11] and references therein]. 
All the above studies concluded that near-fault ground motions have the 
potential to induce larger inelastic displacement demands compared to 
ordinary far-fault ground motions and to increase structural seismic risk. 

The catastrophic potential and the increased seismic risk of near- 
fault ground motions has been pronounced by several recent earth-
quakes: e.g., the 1994 Northridge, California (M6.7); 1995 Kobe, Japan 
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(M6.9); 1999 Chi-Chi, Taiwan (M7.6); 2009 L’Aquila, Italy (M6.3); and 
2016–17 Central Italy sequence (featuring events with magnitude 
ranging between 5.5 and 6.5). These seismic events highlighted the 
limitations of conventional seismic-resistant systems, that are designed 
to exhibit significant inelastic deformations in their structural members 
under strong earthquakes. Inelastic deformations can result to severe 
damage in the structural members and appreciable residual storey drifts, 
leading to high repair costs and disruption of the building occupancy. 
Residual drifts are recognised as an important seismic performance 
index which is directly related to the probability of demolition of a 
building. McCormick et al. [12] concluded that it was in general less 
costly to demolish and rebuild a steel building in Japan than to repair it 
when the values of residual storey drifts were larger than 0.5%. It should 
be noted that residual displacements show significant record-to-record 
variability compared to peak displacements [13]. Thus, designing con-
ventional yielding structures to be reparable in the aftermath of strong 
earthquakes involves significant uncertainty. In addition, the potential 
of near-fault ground motions to induce large residual storey drifts [14] is 
not considered by current seismic design codes [15]. 

To address the socio-economic risks caused by strong earthquakes, 
the self-centering MRFs (SC-MRFs) with post-tensioned (PT) beam- 
column connections were developed [16–26]. This type of frames ex-
hibits softening force-drift behaviour and eliminates beam plastic de-
formations due to gap opening developed in beam-column interfaces 
and elastic PT strands or bars which clamp beams to the columns and 
provide self-centering capability. Energy dissipation devices are used in 
the PT connections of SC-MRFs, which are activated when gaps open. 
These devices can be easily replaced if damaged improving building’s 
resilience [16–26]. Seismic design procedures for SC-MRFs are provided 
in [27,28]. 

However, SC-MRFs with conventional column bases develop plastic 
hinges at their column bases and thus cannot fully avoid structural 
damage and residual drifts [29–31]. To address this issue, SC-MRFs with 
self-centering column bases with repairable energy dissipation devices 
(SC-MRF-CBs) were proposed [29–38]. SC-MRF-CBs can avoid damage 
at their column bases and, thus, eliminate residual drifts. Few studies 
investigated the effectiveness of SC-MRF-CBs to increase seismic resil-
ience. Freddi et al. [31] have found that these systems do not exhibit 
yielding in the first storey columns and eliminate the first storey residual 
drift. Moreover, Kamperidis et al. [30] have shown that these systems 
significantly improve the seismic performance of their correspondent 
SC-MRFs. Finally, Kamperidis et al. [38] studied the collapse perfor-
mance of SC-MRF-CBs subjected to far-fault ground motions and found 
that the SC-MRF-CBs have significantly larger collapse resistance than 
that of the SC-MRFs. 

All the abovementioned studies on SC-MRF-CBs have focused on 
their seismic performance when subjected to far-fault ground motions. 
In this paper, the seismic behaviour of SC-MRF-CBs subjected to near- 
fault ground motions is studied for the first time. Moreover, the poten-
tial of using SC-MRF-CBs to reduce the probability of demolition due to 
large residual storey drifts of steel buildings in near-fault regions has 
never been investigated. To this end, a rigorous and novel methodology 
based on the theorem of total probability is proposed for the calculation 
of the residual drift risk of steel buildings located in near-fault regions. A 
prototype steel building is designed that consists of either conventional 
MRFs or SC-MRFs or SC-MRF-CBs. The novel steel column base proposed 
by Kamperidis et al. [30] is used in this study. The frames are modelled 
in OpenSees [39] where material and geometrical non-linearities are 
considered as well as stiffness and strength degradation. A set of 91 
near-fault ground motions with different pulse periods is used to 
perform incremental dynamic analysis (IDA) [40]. The probability of 
exceedance of different residual storey drift limits is then calculated as a 
function of the ground motion intensity and the period of the velocity 
pulse. Finally, the results of IDA are combined with probabilistic seismic 
hazard analysis (PSHA) models that take into account near-fault direc-
tivity to evaluate and compare the residual drift risk of the three 

seismic-resistant frames used in this study. 

2. Novel steel column base 

Fig. 1(a) depicts the configuration of the novel steel column base, 
while its theoretical moment-rotation (M-θ) behaviour is shown in Fig. 1 
(b). The column base comprises 4 high-strength PT tendons and 8 web 
hourglass shape pins (WHPs). The column is welded on a strong steel 
plate (anchor stand), that is welded on a concrete filled steel tube (CFT) 
which serves as the column foot. The PT tendons are anchored to the 
bottom of the concrete foundation and the anchor stand, as shown in 
Fig. 1(a) (Detail 1). The PT tendons clamp the CFT to a base plate to 
provide self-centering capability, moment resistance and rotational 
stiffness. Moreover, the tendons exert their PT forces only to the CFT, 
because they are placed within the concrete foundation. In this way, the 
PT forces of the tendons are resisted by the CFT instead of the column 
and the latter avoids any undesirable axial shortening due to the PT 
forces. Furthermore, the column can achieve better rotation capacity as 
it does not receive the large PT forces. The use of the CFT as a column 
foot helps the column base to form a strong rocking interface and thus 
enhance its self-centering and low-damage capability. 

The anchor stand offers flexibility in the arrangement of the tendons, 
and thus, in the selection of their lever arms (Fig. 1(a)). The anchor stand 
is reinforced with stiffeners to avoid excessive bending due to the large 
PT forces, protecting the tendons from loss of post-tensioning. The WHPs 
are inserted in aligned holes drilled on supporting plates welded on the 
base plate and on web plates welded on the four sides of the CFT (Fig. 1 
(a)). The WHPs possess high fracture capacity due to their optimised 
shape and provide enhanced energy dissipation via inelastic bending 
[41]. 

The shear resistance of the column base is achieved through friction 
in the rocking interface and through steel elements (shear bumpers) 
bolted on the base plate against the four sides of the CFT (Detail 2 in 
Fig. 1(a)). These shear bumpers are detailed to avoid interlocking during 
the rocking of the CFT. 

3. Prototype building and design of the seismic-resistant frames 

Fig. 2 depicts the plan view of the 5-bay by 3-bay five-storey pro-
totype steel building [29] utilised herein. The building has at its 
perimeter two identical braced frames in the Y direction and two iden-
tical seismic-resistant frames in the X direction. The building has ductile 
non-structural elements and thus the maximum interstorey drift ratio 
must be less than 0.75% under the frequent occurred earthquake in 
accordance with EC8 [15]. A type 1 EC8 design spectrum [15] with peak 
ground acceleration equal to 0.35 g and ground type B was used for the 
design of the frames under the design basis earthquake. 

Only the seismic-resistant frame of Elevation A of the prototype 
building is investigated (Fig. 2(b)). This frame was designed either as (a) 
an MRF or (b) an SC-MRF or (c) an SC-MRF-CB with the novel steel 
column base [30]. The MRF, SC-MRF and SC-MRF-CB have the same 
beams and columns. The design characteristics of the members and 
beam-column connections of the MRF and SC-MRF are the same as those 
of the frames in [14]. Fig. 3(a) shows the bottom-left part of an 
SC-MRF-CB in Elevation A of the prototype building. The configurations 
of an external and internal (central) PT beam-column connection of the 
frames are shown in Fig. 3(a). Fig. 3(b) depicts a close-up view and the 
notation of an external PT beam-column connection. The design pro-
cedure proposed in [30] was utilised for the design of the novel steel 
column bases of the SC-MRF-CB. The design characteristics of the 
SC-MRF-CB are presented in Table 1. The notation used in Table 1 is 
described in Fig. 3(c). For the WHPs of the column bases, duplex 
stainless steel is used with the following properties [41]: yield stress of 
543 MPa; ultimate stress of 778 MPa; elongation at fracture equal to 
34.25%; and modulus of elasticity equal to 227.848 GPa. The material 
for the multi-wire tendons of the novel steel column base is the 
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low-relaxation Grade 270 steel material of ASTM A416 [42]. 

4. Non-linear models of the seismic-resistant frames 

The OpenSees software [39] was used for the modelling of the 
seismic-resistant frames of this work. The PT beam-column connections 
of the SC-MRF and SC-MRF-CB are modelled as in [14]. The columns and 
the reinforced lengths of the beams are modelled with beam-column 
fibre elements with bi-linear elastoplastic stress-strain behaviour. 
Force-based beam-column fibre elements with end hinges [43] are uti-
lised to model the un-reinforced lengths of the beams. The modified 
Ibarra-Krawinkler model [44] is used to model the stress-strain cyclic 
behaviour of the fibres. This model is used because it captures the 
strength and stiffness deterioration that results from the beam local 
buckling observed after the end of the beam flange reinforcing plates. 
The use of fibre elements results in reduction of the bending strength of 
the beam-column elements due to the variable axial-moment interaction 
[45] that is not considered by the Ibarra-Krawinkler model. The panel 
zones are modelled using the model proposed in [46]. The gravity col-
umns associated with the frames are modelled as lean-on columns to 
take into account the P-Δ effects. Diaphragm action is modelled with 
truss elements connecting the lean-on columns nodes to nodes defined 
along the length of the beams at the points where secondary beams are 
placed. These trusses have stiffness of 100 times the axial beam stiffness. 

The model developed by Kamperidis et al. [30] is used for the novel 

steel column bases of the SC-MRF-CB. This model is shown in Fig. 4. The 
rocking interface, CFT and anchor stand are modelled by rigid elastic 
beam-column elements. Three zero-length translational contact springs 
placed at equal distances along the left and right half-depth-part of the 
CFT cross-section are used to simulate rocking. A zero-length hysteretic 
spring that follows a smooth Giuffre-Menegotto-Pinto hysteretic rule 
with isotropic hardening is used to model each WHP group. This spring 
is placed at the geometric centre of each group. The tendons are 
modelled as truss elements with bilinear elastoplastic hysteresis. 

Rigid and full strength connections are assumed for the MRF, while 
beams are modelled as elastic elements with zero length rotational 
springs at their ends that exhibit strength and stiffness degradation [44]. 
The columns and panel zones of the MRF are modelled as described 
above for the SC-MRF. Finally, the fundamental period, T1, obtained 
from the OpenSees models is 1.180 s for the MRF, 0.944 s for the SC-MRF 
and 0.881 s for the SC-MRF-CB. 

5. Ground motions 

A set of 91 near-fault ground motions is employed as input for the 
non-linear dynamic time history analyses. This set was compiled by 
Baker [47] from the PEER Next Generation Attenuation (NGA) database 
[48] employing wavelet analysis to detect and determine the pulse 
period, Tp. This set only includes FN ground motions having a minimum 
peak ground velocity of 30 cm/s. Ground motions were recorded from 

Fig. 1. Novel steel column base: (a) configuration and notation; (b) theoretical M-θ behaviour [38].  

Fig. 2. (a) Plan view; and (b) Elevation A of the prototype building.  
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earthquakes with moment magnitudes, M, varying from 5.0 to 7.6 and 
include pulse periods that range between 0.4 and 12.9 s. Although all the 
records exhibit velocity pulses, site-to-source distance was not consid-
ered as a selection criterion and varies from 0.10 to 102 km. Therefore, 
some of the observed pulses were probably caused by other geological 
mechanisms, such as the sedimentary basin effect. A complete list of the 
near-fault pulse-like ground motions used in this work can be found in 
[47]. 

In this work, the residual drift performance of the frames depends on 
the probability of occurrence or not of a pulse-like ground motion and is 
computed through the theorem of total probability. Thus, a second set of 
far-fault records is necessary for the determination of the probability of 
exceedance of certain limits of residual storey drifts for sites that are not 
affected by forward directivity. Similarly to previous studies [11,14], 
the set of far-fault ground motions used herein is based on the FEMA 
P695 [49] far-fault ground motion set. This set includes 22 record pairs, 
each with two horizontal components for a total of 44 ground motions. 

These ground motions are recorded at sites located greater than or equal 
to 10 km from fault rupture. Event magnitudes vary from M 6.5 to M 7.6 
with an average magnitude of M 7.0. It is worth noting that the ground 
motion records in FEMA P695 [49] were selected without consideration 
of the spectral shape. In fact, the FEMA P695 [49] far-fault ground 
motion set comprises records that are structure type and site hazard 
independent. 

6. Residual drift assessment 

Significant economic losses were reported in recent earthquake 
events, because structures experienced excessive residual drifts, θs,res, 
even if they were not severely damaged or partially collapsed, and they 
had to be demolished [13]. The assessment of θs,res is very important for 
deciding if it is technically and economically feasible to repair or retrofit 
a structure that has been damaged due to an earthquake. For this reason, 
an evaluation of the residual drift performance of the frames considered 

Fig. 3. Close-up view of: (a) the bottom-left part of the SC-MRF-CB in Elevation A of the prototype building (Detail 1 in Fig. 2(a)); (b) external PT beam-column 
connection with its notation (Detail 2 in Fig. 3(a)); and (c) configuration (Detail 3 in Fig. 3(a)) and notation [38]. 

Table 1 
Key design characteristics of the novel steel column base of the SC-MRF-CB.  

LWHP (m) De (m) Di (m) Fy,WHP,i (kN) Kfe (MN/m) Lsp (m) hwp (m) LER (m) DER (m) zd (m) zER,d (m) LCFT (m) Tpt (kN) 

0.06 0.04 0.02 125.24 251.67 0.31 0.19 8.70 0.02 0.34 0.50 0.91 212.51  
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in this work is performed. McCormick et al. [12] have suggested a value 
of 0.5% as a limit of the permissible θs,res, which is adopted here. 
Furthermore, two additional values of permissible θs,res are assumed (i. 
e., 0.2% and 1.0%) to investigate the effect of this parameter in the 
residual drift performance of the frames. These two limits are based on 
the recommendation of FEMA 356 [50] for the immediate occupancy 
and life safety limit states, respectively. The limit value proposed by 
McCormick et al. [12] is very similar to the value adopted by FEMA 356 
[50] for the reparability limit state, which is 0.4%. 

The residual drift risk of each frame is evaluated through IDA [36], i. 
e. the model of the frame is subjected to a specific ground motion that is 
increasingly scaled until a prescribed value of θs,res (i.e., θlim) is excee-
ded. The spectral acceleration at the fundamental period, T1, of the 
frame, Sa(T1), is used as the seismic intensity measure (IM) and θs,res is 
the response parameter that is monitored. Fig. 5(a) shows the IDA curves 
for the SC-MRF-CB for the set of the far-fault ground motions. For each 
seismic-resistant frame and ground motion, the value of Sa(T1) at which 
the θlim value is reached was obtained. Each dynamic analysis was 
extended well beyond the actual earthquake time to allow for damped 
free vibration decay and accurate computation of θs,res. 

Using the results of the IDAs, a residual drift fragility curve is 
generated that gives the probability of exceedance of θs,res. This is done 
by fitting a lognormal cumulative distribution function to the Sa(T1) 
values that correspond to the θs,res values of each frame. The median 
value and the lognormal standard deviation of the ground motion in-
tensities at which θs,res is exceeded in IDA define this distribution. The 

fragility curve for permissible θs,res equal to 0.5% resulted for the SC- 
MRF-CB is shown in Fig. 5(b) with a solid line together with the nu-
merical results obtained from the non-linear dynamic analyses. 

The lognormal standard deviation, β, influences the shape of the 
fragility curve and reflects the level of uncertainty in the analyses re-
sults. Two sources of uncertainty in quantifying the residual drift risk of 
the frames are considered herein: aleatory sources and epistemic. The 
aleatory or record-to-record uncertainty (βRTR) reflects the variability in 
the response of the structures due to the random nature of ground mo-
tions. The epistemic or modelling uncertainty (βmodelling) is mainly due 
to lack of knowledge about the structure’s real model and real element 
properties. It is associated with non-linear modelling, based on the 
evaluation of the accuracy and robustness of the non-linear models used 
and their ability to represent the true physical properties and the seismic 
response of structures. 

In order to combine the contributions of record-to-record and 
modelling uncertainties, the mean estimates approach is used [51]. 
According to this approach, the record-to-record uncertainty, βRTR, and 
the modelling uncertainty, βmodelling, are assumed to be lognormally 
distributed and independent, such that the total uncertainty, βTotal, is 
given by: 

βTotal =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
RTR + β2

modelling

√

(1) 

Therefore, the median is unchanged when modelling uncertainties 
are incorporated, but the standard deviation increases as shown in Fig. 5 
(b). The value of βTotal is taken as 0.80 in line with previous studies [11, 

Fig. 4. Non-linear model of the novel steel column base.  

Fig. 5. (a) IDA curves of the SC-MRF-CB and (b) Corresponding fragility curve.  
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14]. It should be noted that this choice may lead to slightly conservative 
absolute values [11,14]. However, different values of βTotal would 
change the absolute value of the residual drift evaluations but would not 
significantly affect the relative comparison among the three frames. 

The procedure used for the evaluation of the residual drift risk due to 
the near-fault ground motions is properly modified to account for the 
effect of the pulse period of the record, Tp, and is based on the approach 
proposed by Champion and Liel [11]. This methodology is described in 
the following sections. 

7. Effect of the pulse period on residual drift performance 

Past research [8,11,14] has shown that the ratio of the pulse period, 
Tp, of the near-fault ground motions over T1 has a critical effect on 
seismic response of structures. To demonstrate this effect on the frames 
of this work, the Sa(T1) values that exceed the permissible θs,res = 0.5% 
(residual drift Sa(T1)) of the SCMRF-CB obtained from the IDA curves 
(Fig. 5(a)) are plotted versus the ratio Tp/T1 and depicted in Fig. 6 as 
individual points. Moreover, the moving average of the numerical data 
is computed by averaging the point of interest with the five previous and 
subsequent data points. This procedure is followed to fit the data points 
with a trend-line that shows the behaviour of the residual drift Sa(T1) 
values as a function of Tp/T1. 

The shape of the moving average curve illustrates the influence of Tp 
on the residual drift Sa(T1). It is observed from Fig. 6 that the maximum 
values of residual drift Sa(T1) can be found in the region of the moving 
average curve where the T1 of the SCMRF-CB is approximately equal to 
the Tp of the record, i.e., Tp/T1 ≈ 1. This result indicates that the frame is 
less vulnerable in exhibiting residual drift when its fundamental period 
is very close to the Tp of the excitation. This observation is inconsistent 
with the elastic seismic response of structures, because their largest 
displacement demand is observed when the period of the excitation is 
very close to T1. However, the residual drift performance of a structure is 
related to large plastic deformations, which lead to a reduction of the 
structural stiffness. As a result, the effective period of the structure is 
significantly elongated and is different than T1. Thus, residual drift 
Sa(T1) is larger in the region where Tp/T1 ≈ 1 as it is affected by the real 
elongated period of the structure, which is different than Tp. Moreover, 
the ground motions with pulse period Tp > T1 are the most damaging, 
giving very low values for the residual drift Sa(T1). This is due to the 
effective lengthened period of the frame that tends to coincide with the 
pulse period of the excitation. In the region of Tp < T1, the residual drift 
Sa(T1) of the frame tends to decrease which can be attributed to the fact 

that shorter pulse periods are exciting the higher modes of the structure. 
To obtain the effect of the frame type on the residual drift Sa(T1) as a 

function of the pulse period of the near-fault records, the moving 
average curves for all the frames of this work are generated and shown in 
Fig. 7. To allow comparison between the frames having different T1 
values, the residual drift Sa(T1) values of each moving average curve are 
normalised by the median residual drift Sa(T1) of all the near-field re-
cords. Comparing the moving average curves of all the frames, it is 
apparent from Fig. 7 that all the frames follow the same overall trend 
observed in Fig. 6. This can be explained by the fact that all the frames 
were designed to have similar base shear and ductility. Thus, their re-
sidual drift behaviour depends on the pulse period by the same manner. 

8. Fragility functions incorporating the effect of near-fault 
directivity 

As shown in the previous section, near-fault directivity has an impact 
on residual drift Sa(T1) of structures, so it should be considered in their 
residual drift risk assessment. The residual drift performance of struc-
tures depends not only on Sa(T1), but also whether a ground motion 
record exhibits a velocity pulse and the corresponding pulse period, Tp 
(see Figs. 6 and 7). To incorporate this effect in the residual drift fragility 
functions, the theorem of total probability is used to compute the 
probability of exceedance of θs,res equal to θlim, P[θs,res ≥ θlim|Sa = x], for 
a given Sa(T1) value of x. This probability is the fragility function of each 
frame [11,14] and can be expressed as: 

P
[
θs,res ≥ θlim

⃒
⃒Sa = x

]
=P

[
θs,res ≥ θlim

⃒
⃒Sa = x,  Pulse

]
⋅P[Pulse|Sa = x]

+ P
[
θs,res ≥ θlim

⃒
⃒Sa = x,No  Pulse

]
⋅P[No  Pulse|Sa = x] (2)  

where P[θs,res ≥ θlim|Sa = x, Pulse] is the probability of exceedance of θs, 

res equal to θlim for near-fault, pulse-like ground motions; P[θs,res ≥ θlim| 
Sa = x, No Pulse] is the probability of exceedance of θs,res equal to θlim for 
far-fault ground motions; P[Pulse|Sa = x] is the probability that a ground 
motion record exhibits a velocity pulse; and P[No Pulse|Sa = x] is the 
probability that a ground motion record does not exhibit a velocity 
pulse. 

The term P[θs,res ≥ θlim|Sa = x, No Pulse] is calculated from the 
fragility curves constructed for the far-fault ground motions. The prob-
ability of exceedance of θs,res equal to θlim when a pulse occurs, P[θs,res ≥

θlim|Sa = x, Pulse], depends on the pulse period and the likelihood of 
different pulse periods occurring, P[Tp = ti|Sa = x, Pulse]: 

Fig. 6. Residual drift Sa(T1) of the SC-MRF-CB versus the Tp/T1 ratio together 
with the moving average curve. 

Fig. 7. Moving average curves representing normalised residual drift Sa(T1) as 
a function of Tp/T1 for the frames of this study. 
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P
[
θs,res≥θlim

⃒
⃒Sa =x,  Pulse

]
=
∑AllTp

i=1
P
[
θs,res≥θlim

⃒
⃒Tp= ti,Sa =x,  Pulse

]
⋅P
[
Tp

= ti
⃒
⃒Sa =x,  Pulse

]

(3) 

The probability of exceedance of θs,res equal to θlim for a given pulse 
period Tp value, P[θs,res ≥ θlim|Tp = ti, Sa = x, Pulse], is determined by the 
moving average curve constructed for each frame. The moving average 
represents the median residual drift Sa(T1) as a function of Tp. For any 
value of Tp and Sa(T1), P[θs,res ≥ θlim|Tp = ti, Sa = x, Pulse] is calculated 
by assuming a lognormal distribution with a median equal to the value 
of Sa(T1) of the moving average curve for the given Tp and a standard 
deviation βTotal = 0.8. 

The remaining parts of Equations (2) and (3) are calculated with the 
aid of PSHA, which provides the mean annual frequency, λ, of exceeding 
an IM level, x. Conventional far-field PSHA provides λ according to the 
following equation: 

λIM>x =
∑N

i=1
νi

∫

m

∫

r

P[IM > x|m, r]fM,R(m, r)dmdr (4)  

where νi is the mean annual rate of earthquakes occurrence on a nearby 
fault i, N is the total number of faults, M is the moment magnitude, R is 
the source-to-site distance and fM,R is the joint probability density 
function of M and R. The term P[IM > x|m, r] is the probability that the 
ground motion intensity exceeds a specific value, x, given an earthquake 
of magnitude m at distance r, which can be obtained through ground 
motion prediction equations. Different IMs can be used in these equa-
tions, in this work Sa(T1) is adopted. 

PSHA has been modified to account for near-source conditions, i.e., 
Near-source Probabilistic Seismic Hazard Analysis (NS-PSHA) [1,52, 
53]. According to this methodology, Equation (4) is adjusted to account 
for the potential near-source directivity through the term Z: 

λIM>x =
∑N

i=1
νi

∫

m

∫

r

∫

z

P[IM > x|m, r, z]fM,R,Z(m, r, z)dmdrdz (5)  

where Z defines the site-to-source geometry and fM,R,Z is the joint 
probability density function of M, R and Z. The term P[IM > x|m, r, z] is 
the probability that a specific ground motion intensity value is exceeded, 
for a given earthquake of magnitude m at distance r and site-to-source 
geometry z. This probability depends on the probability of pulse 
occurrence, the distribution of possible pulse periods and the peculiar 
spectral shape caused by the pulse. The probability of pulse occurrence 
is a function of site-to-source geometry and decreases with distance from 
the fault and for shorter fault rupture lengths [1,53]. The pulse period 
distribution is a function of earthquake magnitude, with larger magni-
tude events usually causing longer pulse periods [53,54]. 

When the NS-PSHA has been conducted for a given IM level, the term 
P[Pulse|Sa = x], can be calculated by the following equation: 

P[Pulse|Sa = x] =
λSa=x,Pulse

λSa=x,Total
(6)  

where λSa=x,Pulse is the mean annual frequency of Sa = x when only near- 
fault, pulse-like ground motions are considered and λSa=x,Total is the mean 
annual frequency of Sa = x when both near-fault and far-fault ground 
motions occur. Note that NS-PSHA is computed here as λSa=x rather than 
λSa>x to allow for combination with the residual drift fragility curves. 
The hazard disaggregation of Eq. (6) is required for each spectral ac-
celeration level of interest (from the fragility). A similar disaggregation 
procedure is also used to identify the contribution of each pulse period, 
ti, to each spectral value, i.e., P[Tp = t1|Sa = x, Pulse]. Finally, the term P 
[No Pulse|Sa = x] is determined by the following equation: 

P[No Pulse|Sa = x] = 1 − P[Pulse|Sa = x] (7) 

In this paper, a fixed (characteristic) M 7 strike-slip (SS) fault is used 
to compare the residual drift risk of the three seismic-resistant frames. 
Based on the median Wells and Coppersmith magnitude-scaling relation 
[55], the length of this fault is equal to 42 km. The mean annual rate of 
earthquake occurrence on the fault is assumed to be 0.05 and the 
location of earthquake epicentres is uniformly distributed along the 
fault. Moreover, as shown in Fig. 8(a), six sites with site-to-source dis-
tances equal to 5, 10 and 15 km at the end (“End-of-Fault” sites) and 
midpoint (“Midfault” sites) of the fault line are considered in this study. 

The model of Iervolino and Cornell [1] is used to compute the 
probability of the pulse occurrence. In the case of a SS rupture, this 
probability depends on the rupture-to-site distance, R, the distance from 
the epicentre to the site measured along the rupture direction, s, and the 
angle between the fault strike and the path from the epicentre to the site, 
θ. The pulse period prediction is based on the empirical model in [2]. 
Finally, NS-PSHA results are shown in Fig. 8(b) for T1 = 0.944 s. Fig. 8(c) 
and (d) provide disaggregated hazard results in terms of P[Pulse|Sa = x] 
and P[Tp = ti|Sa = x, Pulse] respectively (the latter refer to Sa = 1 g as an 
example). 

9. Residual drift risk of the frames in the near-source 

Using the methodology of section 8, the fragility curves that give the 
probability of exceedance of θs,res equal to 0.5% for the case study of 
midfault sites at 15 km, are constructed for of all the frames and shown 
in Fig. 9(a). The fragility curves indicate that the frame equipped with 
the novel steel column bases has the best residual drift performance. The 
SC-MRF-CB exhibits the least probabilities of exceedance of the specified 
value of θs,res, since its fragility curve is clearly shifted to the right of the 
fragility curves of all the other frames. Fig. 9(b) depicts the fragility 
curves constructed for the SC-MRF-CB when located at the midfault sites 
for site-to-source distances equal to 5, 10 and 15 km. It is observed that 
the probability of exceedance of θs,res equal to 0.5% is reduced with 
distance from the fault, because the likelihood that a pulse occurs, P 
[Pulse|Sa = x], decreases with distance and that affects the first part of 
Equation (2). 

In addition, the probability of exceedance of θs,res equal to 0.5% in 50 
years, i.e., the residual drift risk of the frames, is computed at the mid-
fault and end-of-fault sites, for site-to-source distances equal to 5, 10 and 
15 km. To do so, a Poisson distribution of the earthquake occurrences is 
used, which is given by the following equation: 

P
[
θs,res ≥ θlimin 50 years

]
= 1 − e− vt (8)  

where t is the time in years and ν is the mean annual frequency of ex-
ceedance of a specified value of θs,res, determined by integrating the 
residual drift probability distribution, i.e., the fragility curve of each 
frame, with the rate of exceedance for each spectral acceleration and site 
of interest. The results are listed in Table 2. 

Increased residual drift risk at sites closer to the fault is observed 
from the results of Table 2. The probability of exceedance of the speci-
fied limit of θs,res in 50 years of the frames located at 10 km distant sites 
is 1.4–1.7 higher than that when they are at distance 15 km away from 
the fault, for the midfault sites. When the site-to-source distance is 
reduced from 15 to 5 km the probability of the frames exceeding the 
specified limit of θs,res is increased by a factor ranging from 2.2 to 3.3 for 
the midfault sites. Similar results are observed for the end-of-fault sites. 
Moreover, the residual drift risk of the frames is not as largely affected 
by the relative position of the site to the fault axis as it is by the distance 
to the fault. However, slightly larger values of the probability of ex-
ceedance of θs,res equal to 0.5% are found at the end-of-fault sites. 

The results in Table 2 indicate that the SC-MRF-CB has approxi-
mately 63%, 71% and 76% less probability of exceeding θs,res equal to 
0.5% in 50 years than that of the MRF for site-to-source distances equal 
to 5, 10 and 15 km, respectively, at the midfault sites. Moreover, the SC- 
MRF-CB has 18%, 21% and 23% reduced probability of exceeding θs,res 
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equal to 0.5% in 50 years than that of the SC-MRF for site-to-source 
distances equal to 5, 10 and 15 km, respectively, at the midfault sites. 
A similar trend is observed at the end-of-fault sites for all the frames. 
Therefore, the SC-MRF-CB has the best residual drift performance 
among the three frames with probabilities of exceedance of θs,res equal to 
0.5% in 50 years significantly lower than those of both the MRF and SC- 
MRF. It should be also noted that the decrease of the residual drift 
achieved by the SC-MRF-CB compared to the SC-MRF refers mainly to 

the first storey at the column bases. This is because the beams of the SC- 
MRF do not experience residual drifts due to the PT connections. 

Finally, to assess the effect of different values of θs,res used as limits 
for the above probabilities, two additional values of θs,res were consid-
ered, i.e.: 0.2% and 1.0%. The results are presented in Tables 3 and 4. In 
the case of θs,res equal to 0.2%, the residual drift risk of all the frames is 
increased as a stricter limit is used. The SC-MRF-CB exhibits the best 
performance with probabilities of exceedance of θs,res equal to 0.2% in 
50 years significantly lower than those of the MRF and SC-MRF. In 

Fig. 8. Representative near-fault sites considered in this study, showing (a) site location and (b) seismic hazard curves for the “End-of-Fault” (solid lines) and 
“Midfault” (dashed lines) sites with varying site-to-source distances. Hazard disaggregation results show (c) the probability of pulse occurrence for the different sites 
at Sa(T1 = 0.944 s) and (d) a typical pulse period distribution for one hazard level, Sa(T1) = 1 g, at the 5 km “Midfault” site. 

Fig. 9. Residual drift fragility curves for (a) the three frames located at midfault sites for site-to-source distance equal to 15 km and (b) the SC-MRF-CB at three 
different midfault sites. 

Table 2 
Probability of exceedance of θs,res equal to 0.5% in 50 years.  

Frame P[θs,res ≥ 0.5% in 50 yrs] 

Midfault sites End-of-fault sites 

5 km 10 km 15 km 5 km 10 km 15 km 

MRF 36.8% 23.9% 16.8% 37.5% 24.7% 17.6% 
SC-MRF 16.5% 8.7% 5.4% 17.0% 9.1% 5.7% 
SC-MRF-CB 13.5% 6.8% 4.1% 14.0% 7.2% 4.4%  

Table 3 
Probability of exceedance of θs,res equal to 0.2% in 50 years.  

Frame P[θs,res ≥ 0.2% in 50 yrs] 

Midfault sites End-of-fault sites 

5 km 10 km 15 km 5 km 10 km 15 km 

MRF 51.6% 37.6% 28.7% 52.2% 38.4% 29.7% 
SC-MRF 28.5% 17.2% 11.5% 29.2% 17.8% 12.1% 
SC-MRF-CB 17.4% 9.3% 5.8% 18.0% 9.8% 6.1%  
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particular, the SC-MRF-CB has approximately 66%, 75% and 80% 
reduced probability of exceeding θs,res equal to 0.2% in 50 years than 
that of the conventional MRF for site-to-source distances equal to 5, 10 
and 15 km, respectively, at both the midfault and end-of-fault sites. 
Similarly, The SC-MRF-CB has approximately 39%, 46% and 50% less 
probability of exceedance of θs,res equal to 0.2% in 50 years than that of 
the SC-MRF for site-to-source distances equal to 5, 10 and 15 km, 
respectively, at both the midfault and end-of-fault sites. 

In the case of θs,res equal to 1.0% the residual drift performance of all 
frames is improved compared to the other two limits. Similar conclu-
sions can be drawn based on the results shown in Table 4. The SC-MRF- 
CB provides a reduction in the probability of exceedance of θs,res equal to 
1.0% that ranges between 56% and 66% when compared to the MRF, at 
both the midfault and end-of-fault sites. This reduction is smaller when 
the SC-MRF-CB is compared to the SC-MRF and is approximately equal 
to 2% in all cases. Finally, it is concluded that the SC-MRF-CB is very 
effective in improving residual drift performance of steel buildings 
compared to both the MRF and SC-MRF. This improvement is more 
pronounced in the case of smaller values of θs,res. 

10. Conclusions 

The potential of SC-MRF-CBs to reduce the residual drift risk of steel 
buildings in near-fault regions has been assessed. The assessment is 
based on a prototype steel building designed to use either conventional 
steel MRFs or SC-MRFs or SC-MRF-CBs. The frames were modelled in 
OpenSees where material and geometrical non-linearities are considered 
as well as stiffness and strength degradation. A set of 91 near-fault, 
pulse-like ground motions with varying pulse periods was used to 
perform IDA. The probability of exceedance of different residual storey 
drift limit values was then computed as a function of the ground motion 
intensity and the period of the velocity pulse. Finally, the results of IDA 
were combined with NS-PSHA to evaluate and compare the residual drift 
risk of the three seismic-resistant frames used herein. 

Based on the results presented in this paper, the following conclu-
sions can be drawn:  

1. The residual drift Sa(T1) of the frames is affected by the Tp of the 
near-fault ground motions. It is observed that all the frames are less 
susceptible in exhibiting residual drift when their fundamental 
period is very close to the Tp of the excitation.  

2. The residual drift risk of all the frames is affected by near-fault 
directivity. The residual drift fragility curves constructed consid-
ering this effect indicate that the SC-MRF-CB exhibits the best re-
sidual drift performance.  

3. The results show that increased residual drift risk is observed at sites 
closer to the fault at both midfault and end-of-fault sites.  

4. The residual drift risk of all the frames is not as largely affected by the 
relative position of the site to the fault axis as it is by the distance to 
the fault. However, slightly larger values of residual drift risk are 
observed at the end-of-fault sites.  

5. The SC-MRF-CB has superior residual drift performance compared to 
the MRF. A decrease between 56% and 80% in the probability of 
exceeding three different limit values of θs,res in 50 years was ach-
ieved by the SC-MRF-CB.  

6. The residual drift risk of the SC-MRF-CB is significantly lower 
compared to that of the SC-MRF. An up to 50% reduction in this risk 
was achieved by installing the novel steel column base to the SC- 
MRF. 

7. The effectiveness of the novel steel column base in reducing the re-
sidual drift risk of steel buildings depends on the limit value of θs,res. 
The novel steel column base is more effective in the case of θs,res 
equal to 0.2%. 
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