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Abstract

The key element characterizing the seismic vulnerability of existing prefabricated RC
structures, not designed for earthquake actions, are friction-based connections between
structural members; mainly those between beams and columns and beams and roofing
beams. The paper discusses the effectiveness of dissipative connectors made of carbon
wrapped steel tubes. In particular, it presents the results of Incremental Dynamic Analy-
ses on portal frames, aimed at evaluating behavior factor values to be used in design. A
simplified formula for estimating the behavior factor is also proposed. Results of nonlinear
IDAs suggest that the introduction of these dissipative devices in friction-based beam-col-
umn joints provides an effective connection between structural members and, in addition,
reduces the forces transmitted to columns, improving the seismic behavior of the entire
structure.

Keywords Precast RC buildings - Friction connections - Dissipative device - Behavior
factor - Seismic retrofitting

1 Introduction

Precast reinforced concrete (RC) structures are widely used in many countries for one-story
industrial buildings such as warehouses and factories. These structures, when designed
and built without seismic-design criteria, have exhibited very high seismic vulnerability
(Demartino et al. 2018), as highlighted by the 2012 Emilia earthquakes (Belleri et al. 2015;
Savoia et al. 2017; Buratti et al. 2017). Considering their economic importance (Rossi et al.
2019), reducing their seismic vulnerability and, in general, the related losses in case of
earthquakes, is of primary importance.

Most of the partial- and full-collapses observed during past seismic events were
caused by the absence of effective mechanical connectors between structural elements,
in fact, friction-based connections were widespread (Bournas et al. 2013; Liberatore
et al. 2013; Magliulo et al. 2014; Belleri et al. 2015; Babi¢ and DolSek 2016; Savoia
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et al. 2017; Demartino et al. 2018; Titi et al. 2018). The vulnerability of structures with
this type of connections has been confirmed also by numerical simulations. Biondini
et al. (2013a) analyzed the behavior under earthquake loads of friction-based connec-
tions by means of incremental time-history analyses. In particular, they investigated
the influence of different values of the friction coefficient and of vertical of ground-
motions. Titi et al. (2018) found that dry beam-column connections are associated to
large relative displacements, which may lead to structural collapse, and that this con-
dition is more likely to occur under vertical ground motions with a frequency content
similar to the vertical natural frequencies of vibration of structural elements. Similar
conclusions were drawn by Demartino et al. (2018). Liberatore et al. (2013) observed
that vertical ground-motions, and the absence of beam-column connectors, can trigger
collapses phenomena involving the unseating of beams. Magliulo et al. (2014) provided
a parametric study comparing friction strength to the horizontal shear demand in con-
nections produced by wind, according to past Italian buildings codes. Considering fric-
tion coefficients between 0.09 and 0.13, in 25% of cases the connection capacity was
exceeded by the shear demand. The authors concluded that the vulnerability of friction
beam-column connections is also due to the high friction coefficient (0.35) suggested by
past Italian codes for the evaluation of the friction strength. If values (0.13-0.09) pro-
posed by Magliulo et al. (2011) had been adopted in design, the use of friction connec-
tions would have been more limited. Finally, Deyanova et al. (2014) observed that the
failure of beam-column connections based on friction only can frequently happen before
the formation of plastic hinges at the base of columns, therefore producing non-ductile
failure modes.

Given the high vulnerability of connections, many strengthening solutions have been
proposed in the literature. Ligabue et al. (2014) tested L-shaped steel plates for the con-
nection of beams and columns, Muciaccia et al. (2014) presented a study on the use of
post-inserted metal anchors and fastenings, Bournas et al. (2013) proposed the use of
cable restraints in order to reduce the likelihood of collapse due to unseating of beams
and roofing elements. Magliulo et al. (2014) proposed beam-column mechanical con-
nectors able to avoid the loss of support failure of beams. Del Lago et al. (2017a, b,
c) have proposed to use steel angles as dissipative connection elements: these devices
in fact, in spite of being very simple and relatively inexpensive, can dissipate a good
amount of energy and feature a stable hysteretic behavior. Scotta et al. (2015) suggested
to use cladding panels as dissipative shear walls, in fact these elements can strongly
influence the seismic response of precast concrete structures (Biondini et al. 2013a).
With a similar purpose Del Monte et al. (2019) have developed innovative dissipative
connections for connecting cladding panels to structural elements. Belleri et al. (2017)
have proposed a recentering dissipative device based on rotary friction, in order to intro-
duce energy dissipation in hinged beam-column connections. Also Martinelli and Mulas
(2010) have proposed the insertion of devices that dissipate energy through rotary fric-
tion but with no recentering capacity. Alternative solutions could be based on dampers,
as suggested by Marinini et al. (2011).

The present paper refers to a low-damage solution for the retrofit of friction-based
beam-column connections of existing prefabricated RC structures that employs dissipative
devices based on carbon-wrapped steel tubes (CWST), described in Pollini et al. (2018).
The first part of the paper presents results from a large number of incremental dynamic
analyses (IDAs), aimed at estimating values for an equivalent behavior factor to be used in
design applications. The last part of the paper introduces an analytical simplified approach
to estimate the behavior factor, validated by comparison with the numerical simulations.
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2 Retrofit of friction connections with dissipative devices

The CWSTs (Pollini et al. 2018) considered in the present paper have two main pur-
poses: (1) strengthening beam-column joints in order to prevent the possible unseating
failure of beams, and (2) acting as dissipative fuses, thus reducing the effects of seis-
mic actions on structural elements. As discussed by Pollini et al. (2018) four objectives
guided their development: (1) the capacity to absorb energy in small dimensions, (2)
the capacity to limit the forces transferred between structural elements, (3) the capacity
to prevent the unseating of beams from columns and (4) the ease of replacement. The
energy absorption mechanism of the CWSTs was derived from studies in automotive
engineering on structural crashworthiness (Song et al. 2000; Lima et al. 2011), showing
that metals and composite materials combined in thin-walled circular tubes have excel-
lent capacities in terms of energy absorption under axial compressive loads.

The mode of collapse of a CWST in compression is characterized by the formation
of a series of folds after the onset of buckling (concertina buckling mode), as shown
in Fig. 1a for a steel tube with and without external carbon-fiber wrapping. The exter-
nal composite wrapping, limits the outwards movement of the steel tube wall, until the
tensile failure of carbon fibers. Because of their high strength, their usage significantly
increases the value of force associated to the plastic deformation of the tubes. Further-
more, carbon fibers, by means of their confinement action, also assure a regular behav-
ior during buckling and increase the strength of the devices, improving, consequently,
their capacity to dissipate energy. The results of an experimental campaign aimed at
characterizing the monotonic and cyclic behavior of the CWSTs, evaluating also their
dissipation capabilities, were presented by Pollini et al. (2018).

Since each CWST works and dissipates energy only under compressive loading, two
devices must be properly connected to each structural joint (Fig. 1b). A threaded bar,
passing through the CWSTs, can be used both as guide during their plastic deformation
and as support for attaching the devices to existing structural elements. This threaded
bar can be fixed through standard anchoring elements to a column. The anchorage on
beams must feature an element placed between the two devices with adequate strength
and stiffness, suited for transferring forces from the beam to the CWSTs and, at the
same time, capable of sliding on the threaded bar (see Fig. 2).

(b)

Fig. 1 Mode of collapse of steel tubes with and without carbon fiber external wrapping
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Fig.2 Examples of beam-column connections with dissipative devices

The behavior of the devices in compression can be approximated as in Fig. 3 (Pollini
et al. 2018), where F,, indicates their the equivalent plastic force, and S,,,,, their maximum
deformation capacity. The behavior of a beam-column connection with CWSTs under a
lateral load can be idealized as follows: as far as the force is lower than F,, the lateral force
is fully transmitted to the column, with a very small relative beam-column displacement,
because of the high initial stiffness of the devices (O—A segment in Fig. 3). As the force
increases, one of the two devices (the one under compression) begins to buckle and dissi-
pates energy during the progression of plastic deformation (A-B segment in Fig. 3). Beam-
column relative displacement occurs until the CWST in compression reaches it maximum
axial deformation capacity S,,,, and its stiffness strongly increases, thus acting as an effec-
tive displacement-limiter between structural elements through the threaded bar (B-C seg-
ment in Fig. 3). For further increasing values of applied forces, the column will then yield
and subsequently reach its ultimate deformation capacity.

When considering cyclic loads, the two CWSTs installed in each connection are acti-
vated alternatively. If a load reversal occurs after compression bucking one of the steel
tubes, the connection will slide with zero force until closure of the gap produced plastic
deformations. Figure 4 shows a sketch of the cyclic behavior of a couple of CWSTs.

The aforementioned behavior requires that beams slide on their supports in order to
dissipate energy. Therefore, it is fundamental to control friction forces, in order to: (1)

Fig.3 Subsequent phases of the F A
behavior a CWST under com-
pressive loading C
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Fig.4 Hysteretic cycle of the system composed by two devices

make sliding possible in order to dissipate energy and; (2) to control the horizontal forces
transferred to columns. It is worth noticing that the effectiveness of the CWSTs mainly
depends on (1) because their energy deformation capacity is limited. For these reasons,
when designing retrofit interventions based on the devices discussed in the present paper,
it is recommended to implement solutions (e.g. by using PTFE pads) aimed at limiting and
controlling friction in beam supports. Furthermore, limiting the value of the friction coef-
ficient will make the systems less sensitive to variations of the axial load in columns, as in
case of strong vertical ground-motions. In buildings where inserting PTFE pads is either
unfeasible or uneconomical the effect of friction should be carefully considered. Finally,
in order to maximize the effectiveness of the CWSTS, it is convenient to maximize their
maximum deformation capacity S,,,,- The largest usable values for this parameter depend
on the maximum allowable beam column displacement. The equivalent plastic force of the
devices F,, should be larger than the horizontal forces to be transferred under non seismic
loading conditions and smaller than the force that would lead to the formation of a plastic
hinge at the base of columns, which must fail after the CWSTs. In case of concrete-on-
concrete supports the friction threshold of motion can be similar or even larger than the
equivalent force of plasticization of the CWSTs thus reducing their effectiveness. In fact, in
these cases it might not be possible to avoid that plastic hinges form at the base of columns
(unless they are strengthened) before the activation of the energy dissipation mechanism
of the devices which would work as non-dissipative connectors. Finally, it is important to
remark that the CWSTs considered require relative displacements between structural ele-
ments to occur in order to be effective. In some cases, this requirement might be a limita-
tion, in particular if structural elements must be recentered after a seismic event.

3 Case study
Several numerical analyses were carried out on different portal-frame models, in order to

define the behavior factor to be considered when designing strengthening interventions that
employ CWSTs. The features of the portal-frames were defined based on a survey of the

@ Springer



558 Bulletin of Earthquake Engineering (2021) 19:553-578

most widespread types of one-story precast concrete structures used in Italy for industrial
buildings. Different sources were used to this purpose, such as research papers, design
guidelines and standards, surveys on existing structures and interviews with producers
of prefabricated concrete elements. In particular, Deyanova et al. (2014) investigated 60
buildings (40 from the Emilia-Romagna region and 20 from other regions), summarizing
their main characteristics in terms of span length, column aspect ratio and beam-column
connections. They reported that the most common beam span length is between 14 and
20 m and column aspect ratio (column height/cross-section width) is greater than 10. Bel-
lotti et al. (2014) presented a review of precast structural typologies and construction prac-
tices in Northern Italy, using three different databases, for a total number of 670 precast RC
buildings included into the study, built in the last 5 decades. The first database has been
built based on a survey carried out after the 2012 Emilia earthquakes by the Structural
Analysis Research Group of Eucentre with the collaboration of Confidustria Piacenza in
the Emilia-Romagna region; the second one has been collected between 2003 and 2008
by the Seismic Division of Tuscany region and the third database was assembled between
2005 and 2008 by Assobeton (Mandelli Contegni et al. 2008), a consortium of several con-
struction companies, manufacturers of precast elements, in Italy. For industrial buildings
located in the Emilia-Romagna and the Tuscany Regions, they proposed probabilistic dis-
tributions for some geometrical parameters for each structural type, such as span length of
main girders and roof slab elements, and column height.

3.1 Properties of the case study frames

The structural type considered herein consists of cantilever columns supporting a beam,
thus forming frames in the transverse direction of a building with no additional lateral
force resisting system along the longitudinal direction. Therefore, the transversal behav-
ior of these structures can be approximated as an equivalent frame. The main parameters
assumed for the frame models considered are reported in Table 1. For each of these mod-
els, different configurations of beam-column joints were considered: (1) beams hinged to
the columns and (2) simply supported beams with CWST, with two different values of fric-
tion coefficient v for the beam support, i.e. v = 0.05, corresponding to the insertion of
PTFE pads as discussed in Sect. 2, and v = 0.10 corresponding to neoprene pads, often
found in existing prefabricated RC frame buildings. This second case represents structures
in which it might be either unfeasible or uneconomical to insert PTFE. Clearly the friction
coefficient value depends on the type of beam-column interface (concrete, rubber pads or
steel plates) and its definition is still debated in the literature (Magliulo et al. 2011, 2014);
the values considered here are based on experimental studies conducted by Magliulo et al.
(2011) on neoprene-to-concrete connections, suggesting friction coefficients in the range
of 0.09-0.13. Other types of interacting surfaces such as concrete-to-concrete were not
considered because, as discussed in Sect. 2, they strongly reduce the effectiveness of the
CWSTs.

The value of the equivalent force of plasticization F,, (see Sect. 2) for the CWSTs was
chosen, as discussed in Sect. 2, as the maximum value of force that, considering a friction
coefficient equal to 0.05, could be transferred to the top of the columns without yielding
their base sections, i.e. M,>(F,,+v - N) - H. This allows to avoid yielding of the columns
before the activation of the CWSTs, a condition that would make them ineffective. For
the models C and D two different values of Feq where considered, i.e. either 30 kN or 20
kN, the models with the lower ng value are indicated as C1 and D1. For the models with
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Table 1 Properties of the structural models considered.

Model
A B C Cl D DI
L [m] 12.0 20.0 25.0 25.0 20.0 20.0
H [m] 8.0 7.0 6.0 6.0 7.0 7.0
i [m] 6.0 7.0 8.0 8.0 10.0 10.0
Column bxh [m] 0.3x0.4 0.4x0.4 0.4x0.5 0.4x%0.5 0.4x%0.6 0.4x%0.6
Beam b X h [m] 0.25%x1.25 03x1.38 035x1.85 0.35x1.85 0.35x1.47 0.35x1.47
Beam self weight [kN]  7.72 10.33 16.21 16.21 12.88 12.88
Beam load (kN/m) 19.60 22.86 26.12 26.12 32.66 32.66
N [kN] 163 331 529.23 529.23 455 455
F,, [kN] 10 20 30 20 30 20
v=0.05
M, [kNm] 245 276 393 393 580 580
M, [kNm] 274 295 414 414 643 643
¢, [1/m] 0.01 0.009933  0.007558 0.007558 0.00616 0.00616
¢, [1/m] 0.279 0.2475 0.163 0.163 0.1547 0.1547
v=0.10
M, [kNm] 245 418 539 539 729 729
M, [kNm] 274 420 549 549 802 802
¢, [1/m] 0.01 0.00814 0.006365 0.006365 0.00524 0.00524
¢, [1/m] 0.279 0.1815 0.1766 0.1766 0.1659 0.1659

L beam span, H column height, i distance between frames, b cross section width, & cross section height, N
axial force in each column, M, and ¢, column cross-section yielding moment and curvature; M, and ¢, col-
umn cross section ultimate moment and curvature

v =0.10, whenever the aforementioned condition could not be fulfilled it was assumed
to strengthen be bottom part of the columns, by means of concrete jacketing, in order to
obtain a yielding moment at the base larger than (F,,+v - N)*H (Table 1). Lower values
of F,, were not considered in order to avoid the activation (i.e. onset of buckling) of the
CWSTs under non seismic loads.

3.2 The FEM model

Time-history analyses were carried-out using the FEM software OpenSees (McKenna et al.
2010), with the model illustrated in Fig. 5. Each structural member was subdivided into 10
sub elements with lumped masses. The nonlinear behavior of the CWST in the beam-col-
umn joints were modelled using non-linear springs with proper hysteretic rules. In particu-
lar, the trilinear model proposed by Pollini et al. (2018) was adopted for the CWSTs. Fric-
tion was modelled using the flat sider bearing element, a two node element that simulates
friction on a flat surface, taking into account the effect of variations in the normal force
with a velocity-independent Coulomb friction model.

In all models, beams had a linear behavior because no damage is expected to occur in
these elements. Rayleigh damping with 5% damping ratio was adopted. As discussed in the
following sections, two different models for columns were considered, i.e. a fully elastic
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Fig.5 Scheme of structural model used for analyses performed using OpenSees

model and a lumped plasticity model. The models with elastic columns were used in order
to evaluate the effectiveness of the CWST alone.

4 Evaluation of the behavior factor using IDA

The aim of the numerical simulations described in this Section was evaluating an equiva-
lent behavior factor for RC precast portal frames equipped with CWSTs, by comparing
their seismic response with that of equivalent elastic structures. To this purpose, incremen-
tal dynamic analyses (IDA) were performed. The 88 couples of recorded ground-motion
accelerograms (the vertical and one horizontal component) listed in Tables 11, 12 and 13
were used in the IDA analyses. In order to obtain general results, they were selected based
on three different earthquake-magnitude and source-to-site distance scenarios (Bommer
and Acevedo 2004): (1) moment magnitude M,, > 6.5 and Joyneer-Boore distance R;; <
20 km, named large-magnitude, short-distance (LMSD); (2) M,, > 6.5 and R;3> 20, indi-
cated in the following large-magnitude, long-distance (LMLD); (3) M,, < 6.5 and R;3 <
20 km, referred to as small-magnitude, short-distance (SMSD). For each of these scenarios
recorded accelerograms were selected based on the following criteria: (1) to have pseudo-
spectral acceleration values larger than 1.5 m/sec® for T=[1.0~1.5] for the horizontal com-
ponents; (2) to use a maximum of 4 records per earthquake; (3) to have a maximum usable
period of at least 3.0 s (Bommer and Acevedo 2004). The criterion (i) was adopted in order
to avoid large scaling factors in the IDAs. The period range considered is representative
of the first natural period of vibration for precast RC structures. Tables 11, 12 and 13 also
indicate which records present pulse-like features according to the procedure proposed in
Baker (2007). These records were adopted in order to investigate the effect of pulse-like
ground-motions on the behavior factor; in fact, this type of ground motions produce larger
inelastic displacement demands on structures (MacRae et al. 2001; Mavroeidis et al. 2004)
than regular ground-motions. Pulse-like ground motions were observed also during the
2012 Emilia earthquake in Italy (Savoia et al. 2017).

Two different performance targets were considered in the IDAs, based on the behavior
of columns (i.e. linera or nonlinear). In particular, for models with linear columns the per-
formance target was the maximum deformation capacity (S,,,,) of the CWSTs, while for
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models with inelastic columns the performance requirement was defined in terms of chord
rotation of columns 0. In order to efficiently perform the large number of analyses required,
the IDA procedure was automated by means of a Matlab script. A bisection algorithm was
adopted in order to identify, for each ground-motion considered, the scaling factor leading
to the target performance requirement. The scaled accelerograms obtained with this proce-
dure were then adopted to carry-out dynamic analyses on equivalent elastic frames (with
hinged beam-column joints). The behavior factor for the structures containing the CWSTs
was calculated as the ratio of the maximum base shear value in the equivalent elastic sys-
tem over the base shear in the system with CWST.

4.1 Behavior factor for models with elastic columns

The aim of this first set of analyses was evaluating the capabilities of CWSTs in terms
of energy dissipation and mitigation of the effects of ground-motions on columns. Values
of the maximum deformation capacity (see Fig. 3) of the CWSTs spanning from 25 to
125 mm with increments of 25 mm were considered as performance targets, for a total of
5280 IDA analyses. It is worth noticing that in most existing structures it might be unprac-
tical to adopt S,,,, values larger that 75 mm, but here we considered also larger values in
order to have a sounder parametric study.

As an example, Fig. 6 illustrates the IDAs for Model D, with v=0.05 and S, =75 mm
for the ground-motions from the scenario LMLR. It should be noticed that, as discussed in
the previous Section, the objective of the analyses was estimating the ground-motion scal-
ing factor associated to the performance target by means of a bisection algorithm, therefore
the number of points of the IDA curves is limited.

Figure 7 shows, with reference to frame D and to one of the couples of ground-motion
recordings considered, a comparison between the base shear time-histories obtained from
the model with dissipative devices (CWSTs) and the equivalent elastic system, consid-
ering the ground-motion scaling factor required to reach the target displacement equal
to S,,,=75 mm. The relevant reduction of the maximum base shear due to presence of
CWSTs is clear. Using results from the same analysis Fig. 8 and Fig. 9 show the relative
beam-column displacement and the hysteretic cycles for one couple of dissipative devices,
respectively. These figures confirm the fuse-like behavior of the CWSTs, able to set a

Fig.6 IDA curves for Model 25 T T T T T T T
D, scenario LMLR, v=0.05,
S e =75 mm

max

CWST deformation [mm]
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Fig. 7 Base shear values for a
frame with dissipative devices
and for the equivalent elastic sys-
tem, Model D, scenario LMLR,
accelerogram #19, v=0.05,
Sy =15 mm

Fig.8 Relative beam-column
displacement for Model D, sce-
nario LMLR, accelerogram #19,
v=0.05,S,,.=75 mm

> Ymax

Fig.9 Hysteretic behavior of
a couple of CWSTSs devices in
one of the beam-column joints
for Model D, scenario LMLR,
accelerogram #19, v=0.05,
Sy =15 mm
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threshold force level which can be transmitted to the columns (30 kN in the present case).
Figure 10 shows the behavior of one of the flat slider elements used to represent friction in
the numerical model, in particular the friction threshold of motion F,=v N represents the
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Fig. 10 From top to bottom: = 20f i \ 1
(1) horizontal force transferred 2 0 WWW\/\/
trough friction in one beam 20t j X 1 ]
support, (2) axial force in the 10 20 30 40 50
column, (3) friction threshold Time [s]
of motion. Model D, scenario
LMLR, accelerogram #19, =500 T T T T
v=0.05, S,,,,=75 mm .50
Z 400t . . . ]
10 20 30 40 50
Time [s]
é , WWMMWNAWW‘WMW”WW oty -
™ 20¢ ) 1 I ] 1
10 20 30 40 50
Time [s]

force required to have sliding, while the actual horizontal force transferred trough the ele-
ment is F; clearly when sliding occurs F=F,.

Tables 2 and 3 show the mean values of the behavior factor g sy obtained from the
analyses for models with v=0.05 and v=0.1, respectively. They are reported as disag-
gregated data for Pulse-like (P) and Non Pulse-like (NP) ground-motions. The data in
the aforementioned tables suggest that P ground motions are associated to a lower value
of the behavior factor, on average about—10%. This is consistent with the larger dis-
placement demands associated to pulse-like ground motions (MacRae et al. 2001; Mav-
roeidis et al. 2004). It is also interesting to notice that the behavior factor decreases as
the friction coefficient increases. If the friction coefficient increases, the maximum base
shear value in the system with CWSTs increases because the contribution of friction is
added to column shear. This has a negative effect on the behavior factor values, but on
the other hand when the friction coefficient increases, also the scaling factor required
in order to achieve the target S, ,, value increases, thus determining a higher maximum

Table 2 Mean values of the

Model Pul S
behavior factor for models with ode use max

elastic columns and v=0.05 for 25mm 50mm 75mm 100 mm 125 mm
Pulse-like (P), and Non-Pulse
Like (NP) ground-motion records A P 1.18 1.38 1.48 1.64 1.87
NP 1.13 1.33 1.53 1.73 1.86
B P 1.19 1.42 1.58 1.69 1.98
NP 1.15 1.36 1.56 1.77 1.92
C P 1.25 1.54 1.97 2.28 2.54
NP 1.35 1.94 247 2.73 3.10
Cl P 1.33 1.72 2.20 2.51 2.86
NP 1.42 2.14 2.68 3.08 3.44
D P 1.29 1.48 1.85 2.09 2.49
NP 1.36 1.83 2.35 2.70 3.10
D1 P 1.30 1.58 2.02 2.48 2.80
NP 1.43 2.07 2.57 3.08 3.53
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Zzziie\jorl\fiiigrvfz(l)lru fr?o(;lfeigfvith MODEL  Pulse S,
elastic columns and v=0.1 for 25mm 50mm 75mm 100mm 125 mm
Pulse-like (P), Non Pulse-Like
(NP) ground-motion records A P 1.14 1.27 1.41 1.45 1.56
NP 1.09 1.25 1.38 1.51 1.64
B P 1.13 1.31 1.43 1.58 1.74
NP 1.17 1.38 1.67 1.88 2.21
C P 1.27 1.51 1.79 2.30 2.60
NP 1.32 1.75 2.23 2.58 2.87
Cl P 1.27 1.59 1.98 2.46 2.79
NP 1.36 1.88 2.38 2.75 3.11
D P 1.28 1.48 1.70 1.98 2.39
NP 1.30 1.66 2.06 2.43 2.72
D1 P 1.33 1.55 1.89 221 2.61

NP 1.37 1.79 2.22 2.62 291

base shear value of the equivalent elastic system and therefore increasing the behavior
factor value. Generally, in analyses with linear columns, the first effect is prevailing,
and the behavior factor tends to decrease considering friction in beam-column joints.
Furthermore, it is possible to notice that, as expected, the behavior factor increases with
increasing values of §,,,., in fact larger maximum displacement capacities of the CWSTs
always correspond to larger scaling factor for the ground motions. It is also interesting
to compare the results of the models C1 and D1 with those of C and D, respectively,
since the only difference between these models is the value of F, . Table 4 shows the
relative difference between these results, computed as Aq_- = ngST /qgwsT — 1 with
reference to models C1 and C and analogously for D1 and D. The results of the analyses
indicate that the models with a smaller value of F,, have higher values of the behavior
factor suggesting that the effectiveness of the CWSTs considered here is mostly due to
the possibility of having relative displacement between beams and columns rather than
to their actual energy dissipation capacity (see also Sect. 2).

Table 4 Comparison between the results of the models C—C1 and D-D1

v=20.05

Aci_c P 6.4% 11.7% 11.7% 10.1% 12.6%
NP 5.2% 10.3% 8.5% 12.8% 11.0%

Apip P 0.8% 6.8% 9.2% 18.7% 12.4%
NP 5.1% 13.1% 9.4% 14.1% 13.9%

v=0.1

Aci_c P 0.0% 5.3% 10.6% 7.0% 7.3%
NP 3.0% 7.4% 6.7% 6.6% 8.4%

Apip P 3.9% 4.7% 11.2% 11.6% 9.2%
NP 5.4% 7.8% 7.8% 7.8% 7.0%
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4.2 Models with inelastic columns

In this second group of IDAs, the inelastic behavior of columns was introduced, in order
to consider their energy dissipation capacity. Columns were modelled using a lumped
plasticity model, without cyclic degradation. A mean compressive strength of 50 MPa
was considered for concrete as well as a mean yield strength of 500 MPa for the steel
reinforcement. The moment-curvature diagram of the base section of columns and their
ultimate chord rotation was computed, for the different models, following recommenda-
tions by Priestley et al. (2007) using the software Cumbia. Concrete confinement was
evaluated according to the Mander model (Mander et al. 1989). Two different values
of ultimate chord rotation 6, were adopted as target performance for IDA analyses, i.e.
3% and 4.5%. Table 1 reports the coordinates of the yielding and ultimate point of the
moment curvature diagrams for the models considered.

A first set of IDAs were performed considering hinged beam column connections.
The corresponding behavior factor, indicated with ¢, was computed as the ratio
between the maximum total base shear (F, ) of an equivalent elastic system (with
the same natural period of vibration) and of the system with inelastic columns (F, .,).
Table 5 reports the mean value of the results obtained for the portal frames under con-
sideration, disaggregating data for P and NP ground motions. It can be noticed that, as
observed in the previous Section, P ground-motions are associated to ¢,,,; values that are
smaller that those for NP ground motions, the decrease depend on the model considered
but on average is about 10%.

A further set of analyses were performed considering inelastic columns with CSWTs
in beam column connections. Five different values for S, were used, i.e. 25, 50, 75,
100 and 125 mm, as well as the two different ultimate chord rotation values and friction
coefficients discussed above, for a total of 10,560 IDAs.

Tables 6 and 7 report the mean behavior factor values obtained from these analy-
ses, indicated in the following as g, cwsr- This parameter depends both on the effect
of dissipative devices CWST and on plastic hinges developing at the base of the col-
umns. As expected, q.,.,cwsr Values are larger than the corresponding g, values and
increase as S,,,, increases. In fact, larger values of this parameter are associated to a
larger gap opening in the devices, due to their crushing in compression, and, therefore,
imply larger ground-motion scaling factors in order to achieve the ultimate chord rota-
tion of columns. It is worth noticing that the base shear at the ultimate chord rotation
of columns is equal for systems with and without CWSTs, depending only on the force-
deformation relationship of columns.

Table 5 Mean values of the

4., behavior factor for models
with hinged beam-column P NP
connections, for different

Model 0, (%) Pulse like

ultimate chord rotations A 3.00 1.20 1.23
A 4.50 1.98 1.89
B 3.00 1.73 1.58
B 4.50 2.51 2.49
C,Cl 3.00 2.16 2.58
C,Cl1 4.50 3.26 3.77
D, Dl 3.00 2.01 2.43
D, D1 4.50 3.20 3.90

@ Springer



566 Bulletin of Earthquake Engineering (2021) 19:553-578

Table 6 Mean values of the

Model 6, (%) Pulse S,
Geor+cwst behavior factor for odel 0, (%) Pulse " S
models with inelastic columns 25mm 50mm 75mm 100 mm 125 mm
and v=0.05, for Pulse-like
(P) and Non Pulse Like (NP) A 300 P 154 172 188 207 217
ground-motion records NP 155 180 198 216 232

450 P 2.16 2.32 2.52 2.70 2.85

NP  2.19 2.41 2.64 2.84 291

B 3.00 P 2.07 2.35 2.45 2.60 2.67
NP 196 227 2.49 2.61 2.68

450 P 2.85 3.09 3.28 3.19 3.22

NP  2.82 3.05 3.20 3.32 3.30

C 300 P 2.73 3.03 3.38 3.66 3.78
NP 324 3.59 394 420 4.36

450 P 3.56 3.85 4.04 415 4.31

NP 423 452 474 481 4.86

Cl 300 P 2.89 3.24 3.64 3.94 4.13
NP  3.26 380  4.26 473 4.94

450 P 3.68 4.03 4.30 4.61 4.82

NP 431 4.73 5.04 5.21 5.44

D 3.00 P 2.48 2.82 3.12 3.42 3.76
NP  3.01 353 3.96 431 4.70

450 P 3.59 3.87 4.08 433 4.53

NP  43] 4.71 5.11 5.41 5.65

Dl 300 P 2.51 2.83 322 3.49 3.87
NP  3.03 3.54 3.98 4.35 4.70

450 P 3.63 3.86 416 449 4.54

NP 435 4.75 5.11 5.47 5.65

The data in Tables 6 and 7 confirm that P ground-motions, on average, are associated
to behavior factor values 10% smaller than those of NP ground-motions. The increment in
terms of behavior factor due to the introduction of the CWST can be measured by comparing
data in Table 4 with data in Tables 6 and 7. To this purpose, Tables 8 and 9 show the relative
increment of the mean behavior factor, computed as (q,,.,cwsrdco; — 1-0). Obviously, this
parameter increases with Smax, but it is interesting to notice that it decreases when passing
from 0,=3% to 6, =4.5. In other words, CWSTs tend to be more effective when their maxi-
mum displaceent capacity is large compared to the ultimate displacement of columns.

Figure 11 shows histograms of the g, cwsr values for P and NP ground-motions,
obtained form all the IDA analyses, comparing the data distributions with lognormal prob-
ability density functions (PDF). Thick lines indicate the mean value of the distributions.
The variability of g, cwsr 1S very high but it should be noticed that different structural
models and friction coeffcient values are considered together. Furthermore, the data pre-
sented here are consistent with the values of record-to-record variability in the literature
(Jalayer and Cornell 2009; Bradley 2013; Bovo and Buratti 2019). Figures 12 and 13 show
histograms of the g, cwsr values for different S, values, obtained form the analyses with
0,=3% and 0, =4.5%, respetively. These plot confirm that pulse-like ground motions tend
to reduce the behaviour factor, on average by 10-15% and that this reducion is independent
on S,
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Table 7 Mean values of the

Model 6, (%) Puls S,
Geor+cwst behavior factor for ode w (%) Pulse

max

models with inelastic columns 25mm mean mean mean 25 mm
and v=0.10, for Pulse-like (P)
and Non Pulse Like (NP) A 300 P 1.54 171 189 198 212

NP 1.54 1.77 190 203 214

4.50 P 2.15 234 245 263 280

NP 2.21 242 259 278 282

B 3.00 P 2.19 245 260 283 292
NP 2.69 3.08 333 354 3.67

4.50 P 3.20 337 344 357 373

NP 3.77 4.03 426 449 455

C 3.00 P 3.03 357 398 418 437
NP 3.53 4.02 433 461 473

4.50 P 433 471 508 533 540

NP 4.81 516 535 561 573

Cl 3.00 P 3.15 3.69 412 440 4.6l
NP 3.63 419 448 477 491

4.50 P 4.48 475 522 533 547

NP 4.95 525 549 570 571

D 3.00 P 3.01 343 376 412 433
NP 3.34 386 425 451 476

4.50 P 4.30 472 483 513 544

NP 4.78 519 551 585 599

D1 3.00 P 3.05 353 395 421 443
NP 3.38 396 432 459 495

4.50 P 4.35 477 494 523 562

NP 4.78 524 556 600 6.10

5 Simplified estimation of the behavior factor

The present section introduces a simplified design-oriented approach aimed at estimat-
ing the behavior factor for a structure equipped with CWSTs in beam-column joints
and compares the so obtained estimates with the results of the IDAs analyses previ-
ously discussed. The simplified procedure is based on the equal displacement assump-
tion, as illustrated in Fig. 14, and on the hypothesis that F, <F| ... Therefore, columns
are assumed to have a linear elastic behavior before yielding of CWSTs. In Fig. 10, F, .,
and F, ., cwsr indicate the maximum base shear of equivalent elastic systems, corre-
sponding to portal frames with hinged beam-column connections, with maximum dis-
placements equal to that of a portal frame with non-linear columns and with non-lin-
ear columns and CWSTs, respectively. Fy ., and A, ., are the column yielding force
and displacement; A, .; and A, ., cwsr are the ultimate beam displacements of portal
frames with hinged connections and with CWSTs, respectively. The ultimate displace-
ment of a structure equipped CWSTs, A, ..., cwsr» can be written as the sum of the ulti-
mate column displacement A, ., and the maximum deformation capacity of the dissipa-
tive device S,

U,Col
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Table 8 Relative increment of the behavior factor values due to the introduction of CWSTs in the models

with nonlinear columns and v=0.05

Model  Target Pulse S,
damage
(%) 25mm (%) 50mm (%) 75 mm (%) 100 mm (%) 125 mm (%)
A 3.00 P 28 43 56 73 80
NP 26 46 61 76 89
4.50 P 9 17 27 37 44
NP 16 28 40 50 55
B 3.00 P 19 35 41 50 54
NP 23 43 57 65 69
4.50 P 13 23 31 27 28
NP 13 22 28 33 32
C 3.00 P 26 40 57 70 75
NP 25 39 53 63 69
4.50 P 9 18 24 27 32
NP 12 20 26 28 29
Cl1 3.00 P 34 50 69 83 91
NP 27 47 65 83 91
4.50 P 13 24 32 41 48
NP 14 26 34 38 44
D 3.00 P 23 40 55 70 87
NP 24 45 63 77 93
4.50 P 12 21 27 35 42
NP 11 21 31 39 45
D1 3.00 P 25 41 60 73 93
NP 25 46 64 79 93
4.50 P 13 21 30 40 42
NP 12 22 31 40 45
Au,cal+CWST = Au,cal + Smax (1)
Based on the equal displacement approximation, it is possible to write the following
proportion,

F

F

e,col

e,col+CWST

A

u,col Au,col+CWST

which, combined with Eq. (1), gives the following relationship:

&

The behavior factor can therefore be estimated as:

Springer

Fe,coI+CWST = Fe,col :

Au,col+CWST

Au,CWST

=Fe,col' <1+

max

A

u,col

)

2

3
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Table 9 Relative increment of the behavior factor values due to the introduction of CWSTs in the models
with nonlinear columns and v=0.1

Model  Target Pulse S«
damage
(%) 25mm (%) 50mm (%) 75 mm (%) 100 mm (%) 125 mm (%)
A 3.00 P 29 43 57 65 76
NP 25 44 54 65 74
4.50 P 9 18 24 33 41
NP 17 28 38 47 49
B 3.00 P 26 40 49 62 67
NP 34 53 65 76 83
4.50 P 8 14 17 21 26
NP 11 19 26 32 34
C 3.00 P 22 43 60 68 76
NP 20 36 47 57 61
4.50 P 15 25 35 42 44
NP 13 22 26 32 35
Cl 3.00 P 26 48 66 76 85
NP 23 42 52 62 67
4.50 P 19 27 39 42 46
NP 17 24 30 34 35
D 3.00 P 23 41 54 69 71
NP 20 39 53 62 72
4.50 P 18 30 32 41 49
NP 16 26 34 42 46
Dl 3.00 P 25 45 62 73 82
NP 22 43 56 65 78
4.50 P 19 31 36 44 54
NP 16 27 35 46 48
Fig. 11 Distribution of g, cwsr
considering data from all the
analyses. Pulse like ground
motions are in black while —
non-pulse like ground motions =
are in red. Thin lines represent a E
lognormal distribution and thick
lines are their mean values
oorscwst I
C]* _ Fe,col+CWST _ Fe,col <1 + Smax ) =q <1 + Smax > (4)
I+CWST — - ’ = deol
ot Fy,cal Fy,cnl Au,col “ Au,col
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Fig. 12 Distribution of g, cwsr S = 25 mm
from the analyses with 6,=3.0%
as a function of S,,,,.. Data

obtained from pulse like ground
motions are in black while data

6 7 8
for non-pulse like motions are q [
in red. Thin lines are lognormal col+tCWST
distributions, thick lines indicate S =50mm

max

mean values w T T T T T r
= 0.5 4
[a)]
&0

deorscwst L]
S =75 mm

max

Aeol+cwsT [l
S s 100 mm

ma

deorscwst L]

The simple formula proposed above was validated by comparing its predictions against
the results of IDA analyses (see Sect. 4). Figure 15a shows a comparison considering all
the results from the analyses. It can be noticed that, in general, on average the predictions
form Eq. (4) are in good agreement with the average results of numerical analyses, even if in
Eq. (4) slightly underestimates the behavior factor. In order to increase the goodness of the
estimate, Eq. (4) was modified introducing two regression coefficients o, and a,, as follows

« S “
% _ max
Deotrewst = ool * <1 A > ©)

u,col

The values of these parameters were estimated by means of regression analysis on the
IDA results, obtaining «; =0.0977 and o, =1.249. Figure 15b shows a comparison between
the results of Eq. (5) and IDA analyses. The introduction of the empirical coefficients allowed
to remove any bias from the prediction. Figure 16 shows the distributions of g" . cwsr values
from Egs. (4) to (5) in comparison with results of the IDA analyses. It is clear that, even if
the mean prediction error is low data remains very scattered, but the variability of results is
consistent with that of design oriented formulas for estimating the displacement of nonlinear
structures available in the literature (Guerrini et al. 2017). Nevertheless, the reader should
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Fig. 13 Distribution of g, cwsr
from the analyses with 6,=4.5%
as a function of S,,,.. Data
obtained from pulse like ground
motions are in black while data
for non-pulse like motions are

in red. Thin lines are lognormal
distributions, thick lines indicate
mean values

Fig. 14 Idealized force displace-
ment relationships based on the
equal-displacement assumption
used for estimating the behavior
factor values

1

deorscws 1)
S =50 mm

max

eorscwst L]
S = 75 mm

T T T T T

1 2 3 4 5 6 7 8

eorscwst L]
S s 100 mm

ma

T T T T T T

1 2 3 4 5 6 7 8

eorscwst L]
S =125 mm

max

ecol |——————————————- - - — -0
+CWST Lo
|
|
I
|
e,col 1
|
|
%)
v.col |
I
|
|
eq |
|

' >

Ay,rol Au,col Au,(‘ol+CWST A

remember that in common design applications uniform hazard spectra are used, thus neglect-

ing record to record variability.
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Fig. 15 Comparison between the behavior factor values obtained from IDA analyses (¢,,..cwsy) and form
a Egs. (4) to b (5). The dashed line has a unit slope coefficient while the solid line was obtained by linear
regression

Fig. 16 Comparison between the 0.4 T T T T T i
distributions of g, cwsr values 035k Pulse Like |
obtained from IDA analyses and ' Not Pulse Like
form Egs. (4) to (5). See Fig. 11 03} = Eq.(4)
for PDFs for pulse-like and non- fﬁ-} Eq.(5)
pulse like ground motions __0.25F 4
E 0.2 A
(=%
0.15F |
0.1F
0.05r 4
0
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*
qcol+CWST’ qcol+CWST -]

Finally, Table 10 reports the mean prediction error for of Eq. (5) compared to IDA
results, for different values of S,,,, and for the different models. The maximum error on the
average prediction is 9.5% for model C, ultimate chord rotation of 4.5% and S,,,, =125 mm.
Considering a range of §,,,, values between 25 and 75 mm, which are reasonable values for

existing structures, the maximum mean error is 8.3%.

6 Conclusions

The paper discussed the results of nonlinear analyses aimed at evaluating the behavior fac-
tor associated to the introduction of CWSTs in beam-column joints of prefabricated struc-
tures, and presented a simplified approach to estimate the same behavior factor. Based on
the results of the numerical analyses performed, the following conclusions can be drawn:

e In all the numerical simulations carried-out the maximum base shear in the frame mod-

els with dissipative devices was lower than the maximum base shear in the correspond-
ing elastic models with hinged beam-column joints;
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Table 10 Mean error in behavior factor estimates given by Eq. (5) with respect to results of IDA analyses

Model 6,(%) Pulse S

max

25 mm (%) 50 mm (%) 75 mm (%) 100 mm (%) 125 mm (%)

Cl

D1

3.00 P -6.8 - 6.7 - 6.6 -6.5 -6.5
NP - 6.8 -6.9 - 6.7 - 64 -6.0
4.50 P - 6.6 - 6.6 -6.5 -6.5 -6.5
NP - 6.7 - 6.7 - 6.6 - 6.6 —6.1
3.00 P 2.0 2.0 22 22 24
NP 1.1 1.1 L5 1.9 2.5
4.50 P 2.1 22 23 2.4 2.5
NP 1.8 2.0 24 2.8 32
3.00 P 8.0 8.0 8.1 8.2 8.4
NP 7.4 7.6 8.1 8.6 9.4
4.50 P 8.0 8.1 8.1 8.3 8.4
NP 7.4 7.8 8.3 8.9 9.5
3.00 P 0.3 0.3 0.4 0.5 0.6
NP 0.0 0.1 0.6 1.2 2.0
4.50 P 0.4 0.4 0.5 0.6 0.8
NP 0.1 0.4 0.9 1.4 2.2
3.00 P -1.7 - 1.7 - 1.6 - 1.6 -1.5
NP -19 -1.9 -1.7 -13 -09
4.50 P -1.7 - 1.7 - 1.6 -15 -14
NP -19 -18 -15 -13 - 1.1
3.00 P —-22 -23 —-22 -2.1 -20
NP -24 -2.6 -23 -19 -17
4.50 P -22 -22 -2.1 -2.0 -19
NP -24 -23 -2.0 -1.9 - 1.7

Incremental Dynamic Analyses were carried out, considering 88 recorded accelero-
grams, different column ultimate chord rotations and maximum displacement capaci-
ties for the CWSTs as target damage levels. Form these analyses an equivalent behavior
factor for structures equipped with the dissipative devices was estimated;

The dependence of the behavior factor of structures with CWSTs on the maximum
deformation capacity (S,,,,) of these latter was investigated, showing that the behavior
factor increases as S,,,, increases;

The results of IDA analyses indicated that the introduction of the CWSTs leads to an
increased value of the behavior with respect to structures with hinged connections;

The results of the analyses showed that the behavior factor for pulse-like ground
motions is on average about 10% less than the behavior factor for non-pulse like ground
motions;

An approximated analytical approach was proposed to estimate behavior factor values
for structures equipped with CWSTs in beam-column connections. Based on the results
of IDA analysis the approximation of the simplified formula proposed is satisfactorily
for CWSTs with S, in the range 25-75 mm.
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Appendix
See Tables 11, 12 and 13.

Table 11 Ground motion recordings for the large magnitude short distance scenario (LMSD)

Earthquake (Year) Station name Pulse like Rz [km] M, [-] PGA,,.[m/s%]

Imperial Valley-02 (1940)  El Centro Array #9 6.09 6.95 2.11

0

San Fernando (1971) Pacoima Dam (upper left abut) 0 0 6.61 12.03
Gazli, USSR (1976) Karakyr 0 3.92 6.8 5.97
Tabas, Iran (1978) Dayhook 0 0 7.35 3.98
Tabas, Iran (1978) Tabas 0 1.79 7.35 8.2

Imperial Valley-06 (1979)  EC Meloland Overpass FF 0 0.07 6.53 2.9

Imperial Valley-06 (1979)  El Centro Array #7 1 0.56 6.53 4.54
Irpinia, Italy-01 (1980) Bagnoli Irpinio 0 8.14 6.9 1.98
Irpinia, Italy-01 (1980) Sturno 1 6.78 6.9 2.46
Nahanni, Canada (1985) Site 1 0 2.48 6.76 9.59
New Zealand-02 (1987) Matahina Dam 0 16.09 6.6 2.51
Superstition Hills-02 (1987) Westmorland Fire Sta 0 13.03 6.54 2.07
Loma Prieta (1989) LGPC 1 0 6.93 9.48
Cape Mendocino (1992) Cape Mendocino 1 0 7.01 14.69
Cape Mendocino (1992) Petrolia 1 0 7.01 6.5

Landers (1992) Joshua Tree 0 11.03 7.28 2.79
Landers (1992) Lucerne 0 2.19 7.28 7.13
Northridge-01 (1994) Rinaldi Receiving Sta 1 0 6.69 8.1

Northridge-01 (1994) Sylmar—Olive View Med FF 0 1.74 6.69 8.27
Kobe, Japan (1995) KIMA 0 0.94 6.9 8.06
Kobe, Japan (1995) Port Island (0 m) 1 3.31 6.9 3.09
Kocaeli, Turkey (1999) Duzce 0 13.6 7.51 3.51
Kocaeli, Turkey (1999) Yarimca 1 1.38 7.51 3.42
Chi-Chi, Taiwan (1999) TCU052 0 0 7.62 4.11
Chi-Chi, Taiwan (1999) TCU084 0 0 7.62 11.35
Duzce, Turkey (1999) Bolu 1 12.02 7.14 8.07
Duzce, Turkey (1999) Duzce 1 0 7.14 5.25
Manjil, Iran (1990) Abbar 0 12.56 7.37 4.87
Hector Mine (1999) Hector 0 10.35 7.13 33

Denali, Alaska (2002) TAPS Pump Station #10 1 0.18 7.9 3.13
Loma Prieta (1989) Los Gatos—Lexington Dam 0 3.22 6.93 4.24
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Table 12 Ground motion recordings for the large magnitude long distance scenario (LMLD)
Earthquake (Year) Station name Pulse like Rz [km] M, [-] PGA, [m/s]
Borrego Mtn (1968) El Centro Array #9 0 45.12 6.63 1.28
San Fernando (1971) LA—Hollywood Stor FF 0 22.77 6.61 2.06
Imperial Valley-06 (1979)  Delta 0 22.03 6.53 3.44
Superstition Hills-02 (1987) Wildlife Liquef. Array 0 23.85 6.54 2.03
Loma Prieta (1989) Foster City—APEEL 1 0 43.77 6.93 2.89
Loma Prieta (1989) Hollister—South and Pine 0 27.67 6.93 3.63
Cape Mendocino (1992) Eureka—Myrtle and West 0 40.23 7.01 1.75
Landers (1992) Desert Hot Springs 0 21.78 7.28 1.51
Landers (1992) North Palm Springs 0 26.84 7.28 1.31
Landers (1992) S. Bernardino—E & Hospital- 0 79.76 7.28 0.76
ity
Landers (1992) Yermo Fire Station 0 23.62 7.28 2.4
Northridge-01 (1994) Castaic—OIld Ridge Route 0 20.1 6.69 5.04
Northridge-01 (1994) LA—Baldwin Hills 0 23.51 6.69 1.65
Northridge-01 (1994) LA—Centinela St 0 20.36 6.69 3.15
Northridge-01 (1994) LA—Saturn St 0 21.17 6.69 4.3
Kobe, Japan (1995) Abeno 1 24.85 6.9 2.3
Kobe, Japan (1995) Kakogawa 0 22.5 6.9 3.38
Kobe, Japan (1995) Morigawachi 1 24.78 6.9 2.1
Kobe, Japan (1995) Yae 1 27.77 6.9 1.55
Kocaeli, Turkey (1999) Ambarli 0 68.09 7.51 1.81
Kocaeli, Turkey (1999) Bursa Tofas 0 60.43 7.51 1.06
Kocaeli, Turkey (1999) Iznik 0 30.74 7.51 1.34
Chi-Chi, Taiwan (1999) HWAO013 0 50.51 7.62 1.39
Chi-Chi, Taiwan (1999) ILA037 0 81.7 7.62 0.94
Chi-Chi, Taiwan (1999) TAPO17 0 97.69 7.62 1.04
Chi-Chi, Taiwan (1999) TCU117 0 25.44 7.62 1.17
Manjil, Iran (1990) Abhar 0 75.58 7.37 2.05
Manjil, Iran (1990) Rudsar 0 63.96 7.37 0.84
Manyjil, Iran (1990) Tonekabun 0 933 7.37 1.34
Hector Mine (1999) Amboy 0 41.82 7.13 1.78
Hector Mine (1999) Indio—Riverside Co Fair 0 T4 7.13 1.21
Grnds
Hector Mine (1999) Joshua Tree 0 31.06 7.13 1.43
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Table 13 Ground motion recordings for the small magnitude short distance scenario (SMSD)

Earthquake (Year) Station Name Pulse like Rjz.[km] M, .[-] PGA, [m/s]
Managua, Nicaragua-01 Managua, ESSO 0 3.51 6.24 3.31
(1972)
Coyote Lake (1979) Gilroy Array #2 0 8.47 5.74 3.33
Coyote Lake (1979) Gilroy Array #6 0 0.42 5.74 4.26
Mammoth Lakes-01 (1980)  Convict Creek 0 1.1 6.06 4.09
Victoria, Mexico (1980) Cerro Prieto 0 13.8 6.33 6.09
Victoria, Mexico (1980) Chihuahua 0 18.53 6.33 1.47
Irpinia, Italy-02 (1980) Calitri 0 8.81 6.2 1.74
Westmorland (1981) Parachute Test Site 1 16.54 59 2.37
Westmorland (1981) Westmorland Fire Sta 1 6.18 5.9 3.61
Coalinga-01 (1983) Pleasant Valley P.P.—bldg 0 7.69 6.36 3.72
Coalinga-01 (1983) Pleasant Valley P.P.—yard 0 7.69 6.36 5.8
Morgan Hill (1984) Coyote Lake Dam (SW 1 0.18 6.19 12.74
Abut)

Morgan Hill (1984) Gilroy Array #4 0 11.53 6.19 22
Morgan Hill (1984) Gilroy Array #6 0 9.85 6.19 2.86
Morgan Hill (1984) Halls Valley 0 3.45 6.19 3.06
N. Palm Springs (1986) Morongo Valley 0 3.67 6.06 2.14
N. Palm Springs (1986) North Palm Springs 0 0 6.06 5.83
Chalfant Valley-02 (1986) Zack Brothers Ranch 0 6.44 6.19 4.38
San Salvador (1986) National Geografical Inst 1 3.71 5.8 3.99
Dinar, Turkey (1995) Dinar 0 0 6.4 3.45
Chi-Chi, Taiwan-03 (1999)  CHYO024 0 18.47 6.2 1.83
Chi-Chi, Taiwan-03 (1999)  TCU122 0 18.1 6.2 1.97
Chi-Chi, Taiwan-03 (1999)  TCU129 0 10.95 6.2 9.33
Chi-Chi, Taiwan-04 (1999)  CHY074 0 6.02 6.2 3.17
Chi-Chi, Taiwan-06 (1999)  TCU080 1 0 6.3 5.27
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