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Featured Application: This work can be applied to the seismic upgrading of existing reinforced
concrete structures with a soft story located near a fault by using metallic-type displacement-
dependent dampers.

Abstract: Reinforced concrete (RC) frame structures with open first stories and masonry infill walls
at the upper stories are very common in seismic areas. Under strong earthquakes, most of the energy
dissipation demand imposed by the earthquake concentrates in the first story, and this eventually
leads the building to collapse. A very efficient and cost-effective solution for the seismic upgrading of
this type of structure consists of installing hysteretic dampers in the first story. This paper investigates
the response of RC soft-story frames retrofitted with hysteretic dampers subjected to near-fault ground
motions in terms of maximum displacements and lateral seismic forces and compares them with
those obtained by far-field earthquakes. It is found that for similar levels of total seismic input energy,
the maximum displacements in the first story caused by near-fault earthquakes are about 1.3 times
larger than those under far-field earthquakes, while the maximum inter-story drift in the upper
stories and the distribution and values of the lateral forces are scarcely affected. It is concluded that
the maximum displacements can be easily predicted from the energy balance of the structure by
using appropriate values for the parameter that reflects the influence of the impulsivity of the ground
motion: the so-called equivalent number of cycles.

Keywords: energy dissipation devices; energy-based design; metallic damper; near-fault earthquake;
soft story

1. Introduction

Reinforced concrete framed structures with a soft first story and infill walls in top
stories are very common, even in areas of substantial seismic hazard. Despite their merit
from a functional and an architectural perspective, they constitute a poor solution from
a mechanical point of view. When subjected to earthquake loads, the discontinuity in
lateral strength and stiffness at the first (ground) story causes a concentration of the energy
dissipation demand (i.e., damage) in this story. This amount of energy—very large in the
case of a severe earthquake—must be dissipated by the columns of the first story in the form
of cumulative plastic deformations. If the columns have an insufficient energy dissipation
capacity (true of many existing reinforced concrete (RC) frames), the building eventually
collapses. The plastic mechanism developed by the frame, called in the literature soft first
story, is one of the most undesirable forms of collapse.

Observations after major earthquakes in the 1990s, such as Northridge (1994) in
the U.S. [1] or Hyogoken–Nanbu (1995) in Japan [2], proved that catastrophic damage
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could be attributed to a soft first story. The performance of this structural typology has
been investigated by many researchers in the past [3]. Several retrofitting techniques are
available nowadays to mitigate this issue. The most common one is increasing the section
area of the first-story columns with concrete jackets [4], which also allows for increasing
the flexural and shear reinforcement. However, it implies an increase in the lateral stiffness
of the structure as well, which in most cases means a greater seismic force demand upon
the structure. On the other hand, increasing the strength and stiffness of the first-story
columns does not change the failure mode and does not alleviate the problem of the
high-energy dissipation demands on the columns of the first story—it just increases the
base shear strength. Increasing the strength so that the retrofitted columns can absorb
in elastic conditions (i.e., within the elastic range) the large amount of energy input by a
severe earthquake can be impossible to achieve at a reasonable cost. Alternatively, using
state-of-the-art solutions, e.g., confining with fibre-reinforced polymer (FRP) [5] textiles,
would greatly increase the ultimate rotation of the columns, hence increasing the lateral
deformation capacity at the first story, but again it will not avoid damage concentration in
the first story and the collapse of the structure, as has been proven experimentally in full-
scale tests [6]. Still, designers can positively exploit such damage concentration by using a
retrofitting strategy similar to that used in base-isolated systems with energy dissipation
devices. Under this approach, the existing columns (strengthened, if needed) could be
considered as bearings that take in the gravity loads and second-order effects due to lateral
deformation. In turn, the energy dissipation devices added in the first story concentrate
most of the energy input by the earthquake. There are few references in the literature
analysing this strategy. Parducci et al. and Mezzi and Parducci [7,8] compared different
retrofitting strategies, concluding that the most economical solution was a combination
of dampers and partial strengthening. Benavent-Climent and Mota-Páez [9] proposed an
energy-based procedure for the seismic retrofitting of RC frames with a soft first story
using hysteretic dampers. In this study, the authors designed dampers for a general
seismic hazard scenario and evaluated it against far-field records. However, the severe
demands imposed by near-field earthquakes were not considered [10–13]. Other authors
have investigated the effect of near-fault earthquakes on framed structures equipped
with friction and viscous dampers [14–16], concluding that the use of energy dissipation
devices improved the behaviour of the structures studied. Even so, the literature about
hysteretic dampers in near-fault scenarios is very limited [17] and, to the best of the authors’
knowledge, inexistent for the particular case of RC frames with hysteretic dampers only in
the first story.

This paper investigates the seismic performance against near-fault earthquakes of
non-ductile RC frames with a soft first story and masonry infill walls in the upper stories
that were retrofitted with hysteretic dampers. Three prototypes representative of mid-rise
buildings were retrofitted following an energy balance approach for a generic seismic
hazard scenario. The seismic response under a set of 20 near-fault ground motions was
obtained through nonlinear time history analyses. The maximum lateral displacements
were within the limits allowed by well-known international standards but notably larger
than those obtained for far-field ground motions. It is shown that the maximum response
under near-fault earthquakes can be predicted from the energy balance of the structure by
using an appropriate value for the so-called equivalent number of cycles.

Finally, it is worth emphasising that the behaviour of soft-first-story frames retrofitted
with dampers has been widely investigated in the past under far-field ground motions
but very scarcely under near-fault earthquakes; this constitutes one of the novelties and
the main goal of this paper. The proposal of the new expression mentioned above for
estimating the equivalent number of cycles for this type of structure under near-fault
earthquakes constitutes a novel contribution of this study. It improves the expression
proposed by Akiyama for a generic earthquake and provides a better prediction of the
maximum displacement of soft-first-story frames retrofitted with dampers under near-
fault earthquakes.
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2. Predicting the Seismic Response by Applying the Energy Balance Concept
2.1. Analytical Modelling of the Structure

A frame with a soft first story and masonry infill walls in the upper stories that is
retrofitted with hysteretic dampers can be idealised as a continuous elastic shear beam
connected to the foundation through two parallel nonlinear shear springs (Figure 1).
The springs represent the stiffness and strength discontinuity at the base. The first spring
accounts for the contribution of the frame at the first (ground) story, defined by its elastic
stiffness f k1, yielding force fQy1 and yielding inter-story displacement fδy1. The second
spring represents the strength and stiffness added by the dampers, defined by their elastic
stiffness sk1, yielding force sQy1 and yielding inter-story displacement sδy1 (=sQy1/sk1).
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Figure 1. Typical structure with dampers’ (a) elevation, and analytical model (b).

Figure 2a shows with a dashed line the typical relationship between shear force and
inter-story drift, fQi − fδi, of the un-retrofitted frame at any story i. This curve is obtained by
performing a nonlinear static (pushover) analysis using a representative nonlinear model of
the RC frame that includes the masonry infill. In the upper stories (i.e., for i > 1), this curve
is replaced by a bilinear idealisation that allows for determination of the initial elastic
stiffness fki, the shear force fQyi and inter-story drift fδyi, as depicted in Federal Emergency
Management Agency FEMA-356 [4]. In the first story (the only one that undergoes plastic
deformations), the actual fQ1 − fδ1 curve is replaced by an elastic-perfectly-plastic (EPP)
model (i.e., the slope of the second segment is made zero), that is depicted in Figure 2b
as frame, and characterised by the initial elastic stiffness fk1, the shear force fQy1 and
inter-story drift fδy1(=fQy1/fk1) at yielding. Figure 2b also shows the relationship between
the shear force and the inter-story drift provided by the dampers of the first story, with an
EPP model characterised by sk1, sQy1 and sδy1 (=sQy1/sk1). The total base shear force of
the entire system at yielding is Qy1 = sQy1 + fk1·sδy1, and the maximum shear force is
Qmax1 = sQy1 + fQy1.

In turn, the shear beam that represents the upper stories is assumed to remain elastic;
it is defined by Gupper, assumed to be uniform from x = h1 to x = H, where x is a variable
that measures the vertical distance from the foundation, h1 is the height of the first story
and H is the total height of the building (see Figure 1a). Gupper can be derived from the
story stiffness fki obtained by means of a linear static analysis as follows. First, at a given
story i, Gi is defined as Gi = fQi/γi, where γi = fδi/hi and hi is the height of the i-th story.
Gi can be rewritten as Gi = fki hi. Next, Gupper is taken as the average of the Gi at each story
weighted by hi to account for different story heights:

Gupper =
∑i=N

i=2 f k ih
2
i

∑i=N
i=2 hi

(1)
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Figure 2. Force–displacement relationships: (a) at the upper i-th story; (b) at the first story.

Alternatively, instead of weighting all Gi, Gupper can be also taken as the total lateral
stiffness of the elastic superstructure and calculated just by adding a unitary force at the
top of the building and calculating the global stiffness.

2.2. Energy Balance

In the mid-twentieth century, Housner [18] in the U.S. and Akiyama [19,20] in Japan
settled the bases of the energy-based seismic design of structures. The fundamental energy
balance equation of the structures can be simply obtained by integrating the work done by
the dynamic forces along the total time duration of the earthquake, t0, as follows [20,21]:

M
∫ t0

0

..
u

.
udt + C

∫ t0

0

.
u2dt +

∫ t0

0
F(u)

.
udt = −M

∫ t0

0

..
ug

.
udt (2)

On the left side of Equation (2), the first term is the kinetic energy, Wk; the second term
is the energy dissipated through the damping mechanism, Wξ ; and the third term is the
work done by the restoring force F(u), Ws, which comprises two parts: (i) the recoverable
elastic strain energy Wse and (ii) the unrecoverable cumulative plastic strain energy Wp.
The right side of Equation (2) is, by definition, the total energy input by the earthquake EI.
Taking these into account, Equation (2) can be rewritten:

Wk + Wξ + Wse + Wp = EI (3)

Akiyama [19,20] demonstrated that except for structures with very short periods,
the value of EI in a multiple-degree-of-freedom (MDOF) system subjected to a given
ground motion is approximately equal to the energy input by the ground motion in a
single-degree-of-freedom (SDOF) system with period equal to the fundamental period
T1 of the MDOF and mass equal to the total mass of the MDOF system. Wk and Wse
balance each other during the whole vibration, summing up the so-called elastic vibra-
tional energy (We = Wk + Wse). Housner defined the energy that contributes to damage, ED,
by ED = EI −Wξ , leading Equation (3) to read:

ED = We + Wp = EI −Wξ (4)
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For convenience, ED can be expressed as an equivalent velocity, VD, defined by:

VD =

√
2ED
M

(5)

Housner [18] proved that VD is close to the value of the spectral velocity SV for the
fundamental period of the structure, T1, and for design purposes it can be assumed that
VD = SV. In turn, SV can be readily obtained from an acceleration spectrum SA-T at the site,
multiplying SA(T1) by T1/2π. Hence, Equation (4) can be rewritten as follows:

We + Wp =
MS2

V
2

(6)

2.3. Estimation of the Elastic Vibrational Energy We

To estimate the elastic vibrational energy We, the nonlinear spring of the first story that
represents the frame is replaced by an undamped elastic continuous shear beam of length
h1 and shear stiffness G1st (=sk1 h1). The contribution of the damper to G1st and therefore to
We is disregarded. This is a conservative assumption since it implies underestimating the
energy absorption capacity of the structure in terms of elastic strain energy, and it is justified
because the damper yielding displacement sδy1 must be marginal when compared to fδy1
in order to effectively protect the frame against plastic deformations. Hence, the amount
of elastic energy provided by the hysteretic dampers is negligible when compared to the
rest of the system, and it is not considered. As a result, to estimate We the entire structure
is represented by a cantilever elastic shear beam with two different shear stiffnesses: G1st
from x = 0 to x = h1 and Gupper from x = h1 to x = H. The mass per unit length m is assumed
constant and taken as m = ∑ mi/M . Here xi is the distance from the ground to the i-th
floor and mi is the mass at each level. The partial differential equation of this cantilever
under a ground motion acceleration at the base

..
zg(t) can be resolved by applying modal

analysis, and the elastic vibrational energy is obtained from the following expression [9]:

We =
Mg2T2

1
4π2

( e
a2

)
f α2

max,1

2
(7)

where T1 is the fundamental period of the frame (without dampers), M is the total mass of
the system, g is the gravity acceleration and f αmax,1 (=fQmax,1/Mg) is the base shear force
coefficient of the frame, defined as the ratio between the maximum base shear sustained by
the frame, fQmax,1, and the total weight of the building, Mg. In Equation (7), the ratio e/a2

is a constant that depends on the dynamic properties of the system and the V-T spectrum
that characterises the ground motion. For structures with a soft first story, the following
expression has been proposed [9] to estimate e/a2:

e
a2 =

[
0.35− 0.33

(
h1

H

)]
e

−(
Gupper

G1st
)

1.75−1.5(
h1
H ) +

[
1.04 + 0.25

(
h1

H

)]
(8)

2.4. Estimation of the Plastic Strain Energy Wp

In RC frames with a soft first story and infill walls in the upper stories, plastic defor-
mations occur only at the first story. The inelastic demand in terms of curvature ductility
occurs at the columns’ ends (critical regions), and it is very often, due to high axial load,
much higher than the current ductility. Past studies [22,23] have shown that in critical
regions of primary seismic columns, the minimum amounts of transverse reinforcement
indicated by codes such as Eurocode 8 are not sufficient in many cases in satisfying the
curvature ductility demand, even when the axial load is moderate. Further, most existing
RC frames that need seismic retrofitting were designed according to old seismic codes (or
designed without seismic provisions), and the plastic deformation capacity of the mem-
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bers is very limited. When establishing the energy balance of the structure, it is therefore
reasonable not to rely on the plastic deformation capacity of the existing RC frame and
neglect its contribution to the energy dissipation capacity of the structure in the nonlinear
range. Considering that only the dampers of the first story dissipate energy through plastic
deformations, Wp can be expressed as:

Wp = ηsQy1sδy1 = η
sQ2

y1

sk1
= ηsα2

1M2g2 1

sk1
(9)

where sa1 is the base shear force coefficient provided by the dampers and η is the cumulative
plastic energy deformation ratio defined by:

sα1 =
sQy1

Mg
(10)

η =
Wp

sQy1sδy1
(11)

The cumulative plastic energy dissipation ratio η is related to the normalised max-
imum plastic deformation µ = (δmax1 − sδy1)/sδy1 through a parameter termed in the
literature equivalent number of plastic cycles, neq, and defined by neq = η/µ. Here, δmax1 de-
notes the maximum deformation of the first story. For general structures, Akiyama [19,20]
proposed the following expression to estimate neq:

neq =

{
4 + 4rq1 ∀ rq1 < 1

8 ∀ rq1 > 1
(12)

where rq1 (=fQmax,1/sQy1) is the ratio of the maximum shear force experienced by the frame,
fQmax,1, to the yielding force of the dampers, sQy1. For convenience, the following new
ratios are defined:

χ1 =
f k1

keq
(13)

K1 = sk1

f k1
(14)

where keq is the stiffness of an equivalent SDOF with mass M and period T1, obtained by:

keq =
4π2M

T2
1

(15)

Using the above ratios, the plastic strain energy of Equation (9) can be rewritten as:

Wp =
Mg2T2

1
4π2

sα2
1η

K1χ1
(16)

2.5. Maximum Inter-Story Drift at the First Story

Substituting Equations (7) and (16) in Equation (6), the energy balance equation is
rewritten as follows: ( e

a2

)
f α2

max,1

2
+ sα2

1η

K1χ1
=

2π2S2
V

T2
1 g2

(17)

Noting that fQmax1 = fQy1 (see Figure 2b), the maximum base shear force coefficient
of the frame f αmax,1 (=fQmax,1/Mg) defined above can be replaced by the base shear force
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coefficient of the frame at yielding f α1 defined by f α1 (=fQy1/Mg), and solving for η in
Equation (17) gives:

η =
K1χ1

sα2
1

[
2π2S2

V
T2

1 g2
−
( e

a2

)
f α2

1

2

]
(18)

Recalling that neq = η/µ and µ = (δmax1 − sδy1)/sδy1, the maximum inter-story drift

at the first story can be expressed by δmax1 = sδy1

(
η

neq
+ 1
)

. Substituting here η given by
Equation (18) gives:

δmax1 = sδy1

{
1 +

K1χ1

neqsα2
1

[
2π2S2

V
T2

1 g2
−
( e

a2

)
f α2

1

2

]}
(19)

2.6. Maximum Shear Force at Each Story

The behaviour of an RC frame with a soft first story and infill walls in upper stories
retrofitted with dampers is conceptually analogous to that of a base-isolated structure.
In both cases plastic deformations are concentrated at the base, whereas the rest of the build-
ing (i.e., upper stories) remains elastic. To guarantee that the upper stories remain within
the elastic range, it is critical to ensure that the maximum shear forces occurring at upper
stories during the earthquake do not exceed their shear capacity. Following the analogy of a
base-isolated structure, the procedure in American Society of Civil Engineers-Structural En-
gineering Institute ASCE-SEI-41-13 [24] was adopted to estimate the maximum shear forces
in the upper part of the building. According to this formulation, the lateral forces acting at
each level, Fxi, are computed by distributing the maximum base shear Qmax1 proportional
to the mass and story elevation raised to a power. In this study, the value taken for the
power is equal to four, which is the upper bound value established by ASCE-SEI-41-13
for base-isolated structures. Therefore, noting that Qmax1 = sQy1 + sδy1 f k1, the following
equation is proposed to estimate Fxi:

Fxi = Qmax1
mix4

∑N
k=1 mkx4

k

(20)

Once the forces Fxi are determined, the shear forces in a given story j, Qmax,j (for j > 1),
are simply:

f Qmax,j = ∑N
i=j Fxi (21)

It is worth noting that in the solution proposed in this paper, the dampers are installed
only in the first story, where the axial forces in columns due to gravitational loads attain
their maximum values. Nonetheless, the dampers impose additional axial forces in columns
and in foundations that could not be considered as negligible in comparison with the axial
forces due to gravity loads. One solution to alleviate these additional axial forces in columns
and foundations is to divide up the required strength to be provided by the dampers, sQy1,
among the maximum number of dampers (i.e., among the maximum number of spans).
Despite this, it is often necessary to reinforce columns and foundations of the existing
structure. One solution to reinforce the columns is to use fibre-reinforced polymers that
can increase significantly the strength without impairing the stiffness.

3. Numerical Study

This section presents an extensive numerical study on RC frames with a soft first
story and infill walls in upper stories retrofitted with hysteretic dampers and subjected to
near-fault seismic hazard scenarios. Three prototypes having three, six and nine stories
were designed for the highest seismic region of the Dominican Republic, where the peak
ground acceleration (PGA) is 0.41 g, following the methodology described by the authors
in previous studies [9]. The seismic hazard was characterised by an energy input spectrum
expressed in terms of pseudo velocity VD-T. Recalling that VD can be taken equal to the
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spectral velocity SV, and given the well-known relationship between SV, the period T and
the spectral response acceleration SA, i.e., SA = (2π/T)Sv, the VD-T design energy input
spectrum was readily obtained from the acceleration response spectrum SA-T prescribed
by the current seismic code of the Dominican Republic [25] for a 475-year return period
(design earthquake) and for soft-soil conditions. The performance of two of these three
prototype structures (i.e., the three- and six-story frames) under far-field ground motions
was proved satisfactory in a previous study [9]. In this section, the performance of the same
three- and six-story frames and of one additional frame having nine stories is investigated
under 20 near-fault impulsive earthquakes.

3.1. Description of the Prototype Buildings

Three RC-framed prototype structures were designed with three (N3), six (N6) and
nine (N9) stories, having an open first story and upper stories infilled with masonry walls.
The prototypes follow the construction practices of the Dominican Republic and were
designed (without seismic provision) to sustain gravity loads only. Section dimensions and
reinforcement were checked using American Concrete Institute ACI 318-99 [26]. N3 and
N6 prototypes had four-by-three spans, whereas N9 had three-by-three spans, as seen in
Figure 3. The flooring system entailed two-way slabs 0.16 m thick, supported by beams in
both directions. The masonry infill walls were 0.15 m thick. The material mechanical prop-
erties typically used in the Dominican Republic are summarised in Table 1, while Table 2
shows the members´ dimensions linked to the notation in Figure 3. Table 2 also shows the
inertial masses mi, corresponding to the self-weight and live loads, to be considered in the
dynamic analysis. It is worth noting that the study focuses on the ground motions acting
only in the X direction, so only the elements in this direction were defined herein.

Table 1. Mechanical properties of the materials.

Concrete Steel Masonry

σc (MPa) Ec (GPa) σy (MPa) Es (GPa) σm (MPa) Em (GPa)
20.6 21.5 274 206 2.3 2.1

Table 2. Element sections of the prototypes (dimensions in centimetres).

Story/Floor: 1 2 3 4 5 6 7 8 9

Prototype Frame mi (kNs2/cm) 4.771 4.707 2.877 - - - - - -

N3

Exteriors:
P1X, P4X

Beams 30 × 60 30 × 60 25 × 50

- - - - - -Columns
C1 30 × 30 30 × 30 25 × 25

C2 30 × 30 30 × 30 25 × 25

Interiors:P2X,
P3X

Beams 30 × 60 30 × 60 25 × 50

Columns
C3 30 × 30 30 × 30 25 × 25

C4 35 × 35 30 × 30 25 × 25

N6

mi (kNs2/cm) 4.862 4.775 4.749 4.739 4.718 2.881 - - -

Exteriors:
P1X, P4X

Beams 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 25 × 50

- - -Columns
C1 30 × 30 30 × 30 30 × 30 30 × 30 30 × 30 25 × 25

C2 35 × 35 35 × 35 35 × 35 30 × 30 30 × 30 25 × 25

Interiors:
P2X, P3X

Beams 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 25 × 50

Columns
C3 40 × 40 35 × 35 30 × 30 30 × 30 30 × 30 25 × 25

C4 50 × 50 45 × 45 40 × 40 35 × 35 35 × 35 30 × 30

N9

mi (kNs2/cm) 3.93 3.84 3.81 3.78 3.76 3.75 3.74 3.74 2.29

Exteriors:
P1X, P4X

Beams 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 25 × 50

Columns
C1 40 × 40 40 × 40 40 × 40 35 × 35 35 × 35 35 × 35 35 × 35 35 × 35 35 × 35

C2 45 × 45 45 × 45 40 × 40 40 × 40 35 × 35 35 × 35 35 × 35 35 × 35 35 × 35

Interiors:
P2X, P3X

Beams 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 30 × 60 25 × 50

Columns
C3 45 × 45 45 × 45 45 × 45 40 × 40 40 × 40 35 × 35 35 × 35 35 × 35 35 × 35

C4 60 × 60 60 × 60 55 × 55 50 × 50 45 × 45 40 × 40 35 × 35 35 × 35 35 × 35
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Figure 3. Prototype building plans and elevations.

These prototype structures were seismically upgraded with hysteretic dampers in
the first story, as shown in Figure 3. The lateral strength sQy1 and stiffness sk1 provided
by the dampers in the first story, and the corresponding inter-story drifts at yielding sδy1,
are given in Table 3.

Table 3. Properties of the existing structure and of the hysteretic dampers.

Prototype

Existing Structures Dampers

M
(kNs2/cm)

fk1
(kN/cm)

fQy ,1
(kN)

fδy ,1
(cm)

fδu ,1
(cm)

T1
(s) e/a2 sα1 rq1

sδy ,1
(cm)

sk1
(kN/cm)

sQy ,1
(kN)

N3 12.36 557 1186 2.13 7.16 0.94 1.15 0.701 0.14 0.32 26614 8494
N6 26.72 1615 2863 1.77 5.99 0.85 1.10 0.672 0.16 0.26 66,215 17,611
N9 32.68 2492 4208 1.69 6.14 0.81 1.08 0.604 0.22 0.25 76,562 19,388
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3.2. Numerical Modelling

To carry out nonlinear time history (NTH) analyses, nonlinear numerical models of
the prototypes were developed using Inelastic Dynamic Analysis of Reinforced Concrete
IDARC-2D [27]. All frames in the X direction were considered for each model. The non-
linearities in the RC elements were concentrated on plastic hinges located at both ends
of the beams and columns. To take into account the extension of the plastic hinge length
as the level of plastic deformation increases, the spread of plasticity formulation imple-
mented in IDARC-2D was adopted. The hysteretic moment rotation loops followed by the
plastic hinges build on a non-symmetric moment curvature backbone of the cross section.
This moment curvature backbone was determined with a fibre model analysis based on
the nonlinear behaviour of the materials and the cross-sectional properties. The nonlinear
properties of materials adopted for numerical modelling are as follows: concrete: com-
pressive strength 20.6 MPa, initial Young’s modulus 21.5 GPa, strain at maximum strength
0.2%, stress at tension cracking 2.47 MPa, ultimate strain in compression 0.95% and slope
of falling branch −2.2 GPa; steel: yield strength 274 MPa, ultimate strength 385 MPa,
modulus of elasticity 206 GPa, modulus of strain hardening 3.33 GPa and strain at start
of hardening 0.3%; and infill walls: prism strength of masonry 2.3 MPa, initial Young’s
modulus 2.1 GPa, cracking stress of masonry 0.12 MPa, strain corresponding to prism
strength 0.2%, shear strength of masonry bed joints 0.28 MPa and coefficient of friction
of frame-infill interface 0.3. The response under cyclic loadings (i.e., the hysteretic rule)
is governed by four parameters that account for the effects of stiffness degradation (HC),
strength degradation (HBE, HBD) and pinching (HS). The values HC = 10, HBE = 0.01,
HBD = 0.45 and HS = 0.25 were adopted for beams and HC = 10, HBE = 0.01, HBD = 0.45
and HS = 0.25 for columns. For the masonry infill walls, two compression struts linking
correlative floors diagonally were defined using the lateral yield force and lateral stiffness
determined in FEMA-356 [4]. Their nonlinear behaviour of the struts was modelled by
the Bouc–Wen model [28] using the default values recommended by IDARC-2D. Finally,
a tube-in-tube (TTD) metallic damper was considered in this study [29]. The TTD device
exhibits stable quasi-rectangular loops under cyclic deformations. Its hysteretic behaviour
was also represented with a Bouc–Wen model, whose parameters were calibrated against
experimental results. The dampers were designed by applying the energy balance concept
explained in Section 2.2, as follows. First, the values of fQyi, fδyi and fki = fQyi/fδyi were
determined from a pushover analysis of the bare frame with infills; the fundamental period
T1 was calculated with an eigenvalue analysis, and the ratio e/a2 was estimated using
Equation (8). Second, the dampers were designed for the design earthquake associated
with a return period of 475 years and soft-soil conditions prescribed by the current seismic
code of the Dominican Republic [25]. The values of SV (=VD) obtained with this code are
SV = 1.08 m/s for prototype N3, V SV = 0.97 m/s for prototype N6 and SV = 0.92 m/s for
prototype N9. The yield horizontal displacement of the dampers was made equal to 0.15fδy1
so that the dampers start dissipating energy far before the onset of plastic deformations in
the frame. The required horizontal strength of the dampers expressed in terms of sα1 was
determined by solving sα1 in the energy balance equation of the structure, Equation (17),
with fαmax1 = fQy1/Mg and η = 26. The value adopted for η corresponds to a low level of
damage on the dampers, and it is far below the ultimate energy dissipation capacity of the
type of damper (TTD damper) used in this study [27].

3.3. Pushover Analyses

Using the numerical models in Section 3.2, the capacity curves of each story (i.e., story drift
vs. story shear force) of the bare frame with infill and of all prototypes were assessed
from nonlinear pushover analyses. Figure 4 presents the characteristic curves obtained for
the base story of prototypes N3, N6 and N9. Figure 4 also shows the bilinear idealisation
employed for the characterisation of the main mechanical properties of each story, that is,
fQyi, f δyi and fki. The model criterion adopted for each story is based on FEMA-356 [4]. On
the other hand, Table 3 summarises the values of the first story, together with the total
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mass of the buildings, M; the ultimate lateral displacement fδu,1; the fundamental period
T1 obtained through eigenvalue analysis; and the ratio (e/a2) obtained using Equation (8).
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Figure 4. Shear force versus inter-story drift curve for the first story: (a) N3, (b) N6 and (c) N9.

3.4. Time History Analyses: Ground Motions Considered

The numerical models representing the above prototypes were subjected to ground
acceleration recorded during 20 near-field earthquakes, and the response was obtained
through nonlinear time history analyses. The ground acceleration records were scaled to
match (with a tolerance of±2%) the VD considered for designing the dampers: VD = 1.08 m/s,
VD = 0.97 m/s and VD = 0.927 m/s for prototypes N3, N6 and N9, respectively.

Table 4 shows the properties of the ground motion records used in the analysis,
where Mw is the magnitude moment, Rjb is the closest horizontal distance to rupture plane
and PGV is the peak ground velocity. The signals were selected from the Pacific Earthquake
Engineering Research Center Ground motion database [30,31]. Table 4 also shows the scale
factor employed for each record and prototype building, λN3, λN6 and λN9. Figure 5 shows
the unscaled SA-T and SV-T spectra of the records used, together with the mean value
(bold line).
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Table 4. Earthquake data of selected pulse-like ground motion records.

Name of the
Earthquake

Station Comp Mw Rjb
(km)

Soil PGA
(cm/s2)

PGV
(cm/s)

λN3 λN6 λN9

Coyote Lake, 1979 Gilroy Array
#2 50 5.74 8.47 Stiff 187.13 10.27 3.46 3.14 4.14

Parkfield 02, 2004
Parkfield-

Stone Corral
1E

360 6.00 2.85 Stiff 816.7 39.78 1.63 5.76 4.35

Duzce, Turquia, 1999 IRIGM 487 NS 7.14 2.65 Very dense 297.5 38.93 1.42 1.99 1.62
Kobe, Japan, 1995 Takatori 90 6.90 1.46 Stiff 658.08 122.92 0.96 2.31 2.44
Kobe, Japan, 1996 Takarazuka 0 6.90 0 Stiff 683.86 68.38 1.29 4.82 3.04

Kocaeli, Turquia, 1999 Izmit 180 7.51 3.62 Rock 161.95 22.32 3.33 2.46 2.20
Kocaeli, Turquia, 2000 Arcelik 90 7.51 10.56 Very dense 131.6 40.05 4.40 3.46 4.14

Tabas, Iran, 1978 Tabas L 7.35 1.79 Rock 837.47 98.81 0.59 2.93 2.93
Tabas, Iran, 1979 Tabas T 7.35 1.79 Rock 845.1 123.36 0.62 3.14 2.57

Chi-Chi, Taiwan, 1999 NST E 7.62 38.36 Very dense 306.1 20.88 2.34 4.40 3.67

Loma Prieta, 1989
Saratoga-

Aloha
Avenue

0 6.93 7.58 Very dense 504.51 41.56 1.26 3.09 2.88

Loma Prieta, 1990
Saratoga-

Aloha
Ave

90 6.93 7.58 Very dense 319.92 45.96 2.70 4.87 5.40

Imperial Valley 06, 1979 Holtville Post
Office 315 6.53 5.35 Stiff 217.17 51.44 2.39 2.25 2.73

Irpinia, Italy 01, 1980 Sturno (STN) 270 6.90 6.78 Very dense 314.32 71.93 1.87 2.46 2.62
Irpinia, Italy 01, 1981 Sturno (STN) 0 6.90 6.78 Very dense 222.28 36.97 2.25 1.78 1.41

San Fernando, 1971
Pacoima Dam

(upper left
abut)

164 6.61 0 Rock 1195.47 114.43 0.73 3.88 3.25

San Salvador, 1986
Geotech
Investig
Center

90 5.80 2.14 Very dense 690.62 79.9 1.14 3.62 3.67

Northridge 01, 1994 LA Dam 64 6.69 0 Very dense 418.06 74.82 1.85 3.20 2.73

Cape Mendocino, 1992
Centerville

Beach Naval
Fac

360 7.01 16.44 Very dense 468.41 51.17 1.53 3.77 3.04

Christchurch, New
Zealand, 2011

Pages Road
Pumping

Station
S 6.20 1.92 Stiff 584.54 81.25 1.58 4.87 4.24Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 22 
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4. Results and Discussion
4.1. Story Drift Performance

Figure 6a–c shows with thin lines the maximum inter-story drifts normalised by the
story height hi and expressed as a percentage (drift ratios) for each prototype under each
near-fault ground motion. Also plotted in Figure 6 are the mean and mean plus/minus
one standard deviation (SD). Comparing these maximum drifts with those obtained for
prototypes N3 and N6 under far-field ground motions scaled for the same energy input
(i.e., for the same values of VD) in previous studies [9], it is found that the maximum drift
in the upper stories remains basically the same, whereas the maximum drift in the first
story increases significantly. More precisely, the mean value increases by about 30% and the
mean plus one SD up to 35%. In spite of this, the performance of the structure is satisfactory,
as discussed next.
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Figure 7 shows the cumulative distribution functions obtained by assuming a log-
normal distribution of the maximum inter-story drift ratio. It can be seen that the probability
of not exceeding the operational performance level (OPL) defined in Structural Engineers
Association of California SEAOC [32] is 78%, 73% and 87%, respectively, for prototypes N3,
N6 and N9. This means that the retrofitted frames performed well, i.e., within the expected
limits of current standards. Figure 8 shows another important parameter to consider:
the residual drift ratio after the earthquake. As can be seen, the residual drift in the first
story falls in most cases below the limiting drift of 0.2% proposed in FEMA-P-58 [33],
again meaning a satisfactory performance of the retrofitted frame.
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4.2. Maximum Story Shear Forces

Figure 9a–c shows the maximum story shear forces endured by prototypes N3, N6 and
N9, respectively, together with the prediction of shear forces calculated using Equations
(20) and (21). The results indicate that Equation (21) provides satisfactory (upper bound)
maximum shear forces in the upper stories.
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5. Proposal of neq for RC Frames with a Soft First Story and Dampers under
Near-Fault Earthquakes

The maximum drift of the first story predicted with Equation (19) using the values
of neq proposed by Akiyama in Equation (12) are shown with vertical dashed lines in
Figure 6. In general, they are seen to be underestimated. More precisely, the prediction ap-
proaches the mean value obtained with the time history analyses for near-fault earthquakes
but substantially underestimates the mean plus one SD. The reason is that Equation (12)
was proposed for conventional structures subjected to general ground motions, that is,
not specifically near-fault earthquakes; therefore, it is not appropriate for impulsive earth-
quakes. Near-fault ground motions typically concentrate the energy demand in one or a
few pulses [10]. In terms of the number of equivalent cycles, this means that the structure
has to dissipate the same amount of energy input with a smaller number of cycles of greater
amplitude when compared to far-field earthquakes.

It is worth emphasising that the reason behind the discrepancy between the maximum
first-story drifts obtained with the time history analyses and the prediction given by
Equation (19) with neq calculated using Equation (12) lies in Equation (12) itself, not the
formulae given by Equation (19). To justify this assertion, first, the actual neq obtained for
each prototype and for each ground motion was calculated, being referred to as neq,NTH.
Next, the maximum first-story drift was recalculated using Equation (19) using this neq,NTH
and is referred to as δmax1,prediction hereafter. In Figure 10, δmax1,prediction is plotted against
the actual maximum first-story drift obtained for each ground motion with the NTH
analyses, δmax1,NTH. As can be seen in Figure 10, all points lie very close to the 45◦ line
that corresponds to δmax1,prediction = δmax1,NTH. In other words, Figure 10 shows that if the
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actual value of neq (=neq,NTH) corresponding to each prototype and to each ground motion
is used in Equation (19), then the maximum displacement predicted with Equation (19)
δmax1,prediction (vertical axis of Figure 10) is very close to the maximum displacement obtained
from the time history analyss δmax1,NTH (horizontal axis of Figure 10). Here, the actual
value of neq (=neq,NTH) means the ratio between the plastic strain energy dissipated by the
damper Wp and sQy1sδy1, as defined in Section 2.4 by Equation (11).
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Therefore, the maximum first-story drift in the event of near-fault ground motions
can be well predicted with Equation (19) if an appropriate value is adopted for nEquation.
For RC frames with a first soft story retrofitted with hysteretic dampers, and based on the
results of this study, the following new expression is proposed for neq:

neq =

{
2 + 2rq1 ∀ rq1 < 1

4 ∀ rq1 > 1
(22)

The above expression was obtained by multiplying Equation (12) by a factor so that
the maximum displacement δmax1 predicted with Equation (19) with the neq given by the
new Equation (22) surpasses the 90th percentile of the responses obtained from the time
history analyses. This percentile is above the 84th percentile that is commonly considered
to provide the seismic design with an appropriate level of confidence [34]. The maximum
first-story drifts predicted with Equation (19) and the new neq given by Equation (22) are
plotted with vertical dashed-dotted lines in Figure 6, and they surpass the 90th percentile
of δmax,1.

6. Conclusions

This study investigated the seismic performance of existing soft-first-story RC frames
that were seismic-retrofitted with hysteretic dampers under near-fault ground motions.
Three prototype frames designed for the generic seismic hazard conditions prescribed by
the Dominican Republic code were subjected to 20 near-fault ground motions. The results
of the analyses yielded the following conclusions:

• All prototype structures exhibit satisfactory performances from the viewpoint of (i)
not exceeding the maximum story drifts prescribed by SEAOC for the operational
seismic performance level and (ii) not exceeding in most cases the maximum residual
drift of 0.2% recommended in FEMA-P-58. However, the maximum first-story drifts
exhibited by the structures under the near-fault records exceeded by about 30% the
counterpart drifts obtained in previous studies with far-field ground motions.
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• The maximum first-story drift obtained by establishing the energy balance of the
structure and using the number of equivalent cycles proposed by Akiyama for generic
earthquakes leads to an underestimation of the maximum first-story drifts.

Based on the results of the analyses conducted in this study, a new expression for the
number of equivalent cycles is proposed for predicting the maximum first-story drift of RC
frames with a soft first story that are seismically retrofitted with hysteretic dampers under
near-fault ground motions. The prediction obtained by establishing the energy balance of
the structure and employing the new number of equivalent cycles surpasses more than
90% of the results obtained from the nonlinear time history analyses. Two limitations of the
present study are as follows. First, the frames investigated correspond to low- and mid-rise
buildings; the behaviour of higher soft-first-story frames with hysteretic dampers under
near-fault earthquakes is left to future studies. Second, the models investigated are 2D,
and therefore the torsional effects have not been considered.
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