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Abstract: This paper investigates the seismic response analysis of the 9-story SAC building equipped with pressurized sand dampers, a
new type of low-cost energy dissipation device where the material enclosed within the damper housing is pressurized sand. The strength of
the pressurized sand damper is proportional to the externally exerted pressure on the sand via prestressed steel rods; therefore, the energy
dissipation characteristics of a given pressurized sand damper can be adjusted according to a specific application. The strong pinching
behavior of pressurized sand dampers was characterized with a previously developed three-parameter Bouc-Wen hysteretic model that for
this study was implemented in the open source code OpenSees with a C++ algorithm, and it was used to analyze the seismic response of the
9-story SAC building subjected to six strong ground motions that exceed the design response spectrum for all soil categories. The paper shows
that for the family of strong ground motions used in this study, pressurized sand dampers with strength of the order of 5%–10% of the weights
of their corresponding floors were able to keep the interstory drifts of the 9-story SAC building at or below 1%, while base shears and peak
plastic hinge rotations were reduced in the damped configuration. Supplemental damping produced mixed results on floor accelerations;
nevertheless, in most floors, peak accelerations were reduced. DOI: 10.1061/(ASCE)ST.1943-541X.0003364. © 2022 American Society of
Civil Engineers.

Introduction

In the early 1970s a new concept for seismic protection involving
modifying the earthquake response of structures with specially
designed supplemental energy dissipation devices was brought
forward in the seminal papers by Kelly et al. (1972) and Skinner
et al. (1974) and was implemented in important structures that were
under design at that time, such as the South Rangitikei Rail Bridge
(Beck and Skinner 1973; Skinner et al. 1974; Kelly 1997), the
Union House Building in Auckland (Boardman et al. 1983), and
the Wellington Central Police Station in Wellington (Charleson
et al. 1987), New Zealand. The 1972 paper by Kelly et al. marks
the beginning of the use of passive energy dissipation (response
modification) devices for the seismic protection of structures, de-
vices that today find worldwide applications. Supplemental passive
energy dissipation devices enhance the ability of a framed structure
to dissipate the earthquake-induced kinetic energy, therefore limit-
ing inelastic structural deformations and damage (Constantinou
and Symans 1993; Whittaker et al. 1993). Devices most commonly
used for the response modification of structures include viscous
fluid dampers, viscoelastic fluid and viscoelastic solid dampers, fric-
tion dampers, metallic yielding dampers, and buckling-restrained
braces (BRBs) (Soong and Dargush 1997; Constantinou et al. 1998;
Hanson and Soong 2001; Black et al. 2002, 2004).

A half century after the first application of supplemental energy
dissipation devices (torsionally yielding steel beam dampers) at the

stepping piers of the South Rangitikei Rail Bridge (Kelly et al.
1972; Skinner et al. 1980), viscous fluid dampers and BRBs have
emerged as the two types of passive energy dissipation devices that
today enjoy the widest implementations. Viscous fluid dampers
that generate fluid flow through orifices or values were originally
developed for shock isolation in military applications, and their
technology was gradually transferred to civil applications in the
1980s (Constantinou et al. 1998; Symans et al. 2008). A potential
challenge with fluid dampers is whether they can maintain their
long-term integrity when placed in civil structures that are sub-
jected to a variety of dynamic displacements ranging from impul-
sive shocks to prolonged fluctuating displacement histories (Matier
and Ross 2013). Early theoretical studies on the problem of viscous
heating of fluid dampers have been presented by Makris (1998) and
Makris et al. (1998), and they have been confirmed experimentally
by Black and Makris (2006, 2007) and have uncovered combina-
tions of internal fluid pressure and number of cycles that may lead
to potential failure of fluid dampers due to viscous heating. BRBs
are yielding braces that offer supplemental hysteretic energy dissi-
pation while increasing the strength of the structure (Watanabe
et al. 1988; Wada et al. 1989; Black et al. 2002, 2003, 2004;
FEMA 2006). Because of their distributed yielding that leads to
stable hysteretic behavior, BRBs enjoy worldwide acceptance
and have been proven to be dependable response modification de-
vices for specific applications where the displacement demands are
relatively small (a few centimeters) (Sabelli et al. 2003; Fahnestock
et al. 2007).

An innovative, low-cost, long-stroke pressurized sand damper
was recently developed and tested by Makris et al. (2021). Given
that the material surrounding the moving piston and enclosed
within the damper housing is pressurized sand as illustrated in
Fig. 1, the pressurized sand damper does not suffer from the
challenge of viscous heating and failure of its end seals; therefore,
it can be implemented in harsh environments with extreme high
or low temperatures as have been recorded in Alaska (−40°F) or
in Imperial Valley, California (El Centro: +120°F). Furthermore,
its symmetric force output is velocity independent and can be
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continuously monitored with standard inexpensive strain gauges
installed along the post-tensioned rods that exert the pressure on
the sand as shown in Fig. 1.

A prototype pressurized sand damper was built and tested in the
structures laboratory of the University of Patras, Greece, at various
exerted pressures p, stroke amplitudes u0, and frequencies f0 by
employing the experimental setup shown in Fig. 2 (Makris et al.
2021). Table 1 summarizes the values of pressure, amplitude, and
frequency of the cyclic test conducted during the experimental
campaigns. Fig. 3 shows selective recorded force-displacement
loops from the prototype pressurized sand damper subjected to dif-
ferent pressures and stroke amplitudes. The recorded loops exhibit
a repeatable stable behavior with a pronounced pinching that man-
ifests at large strokes. In view of this fail-safe behavior at larger
displacement amplitudes in association with the other attractive fea-
tures of the pressurized sand damper outlined earlier, this paper
presents a comprehensive seismic response analysis of the 9-story
moment-resisting steel building designed for the SAC Phase II
Project (FEMA 2000). This structure that is well known to the

literature (Gupta and Krawinkler 1998; Chopra and Goel 2002;
Aghagholizadeh and Makris 2018) was designed to meet the seis-
mic code (pre-Northridge Earthquake) and represents typical
medium-rise buildings designed in the greater area of Los Angeles,
California.

Mathematical Model of the Pressurized Sand
Damper

Using arguments from dimensional analysis (Langhaar 1951;
Barenblatt 1996; Makris and Black 2003a, b) in association with
the versatility of the Bouc-Wen model (Wen 1976; Baber and
Noori 1985; Constantinou and Adnane 1987; Charalampakis and
Koumousis 2008), recently Makris et al. (2021) showed that the

Fig. 1. Schematic of a pressurized sand damper in which energy is dissipated from the shearing action of the sand as the sphere mounted on the
damper piston plows through the pressurized sand. The pressure on the sand is exerted with external post-tensioned steel rods so their tensile force can
be easily monitored in real time with strain gauges.

Fig. 2. View of the prototype pressurized sand damper mounted on the
experimental setup during cyclic testing at the University of Patras,
Greece.

Table 1. Values of the exerted pressure, displacement amplitude, and
frequency of the cyclic loading tests

p (MPa) u0 (cm) f0ðHzÞ
v0 ¼ 2πf0u0

(cm=s)

1, 2, 3, 4, 5 1.0 0.1 0.63
2.0 1.26
4.0 2.51
6.0 3.77

8.0 (only for p ¼ 1 and 2 MPa) 5.02
10.0 (only for p ¼ 1 and 2 MPa) 6.28

1.0 0.2 1.26
2.0 2.51
4.0 5.02
6.0 7.54

8.0 (only for p ¼ 1 and 2 MPa) 10.05
10.0 (only for p ¼ 1 and 2 MPa) 12.56

1.0 0.333 2.07
2.0 4.14

4.0 (except for p ¼ 1 MPa) 8.29
6.0 (except for p ¼ 1 MPa) 12.43
8.0 (only for p ¼ 2 MPa) 16.58
10.0 (only for p ¼ 2 MPa) 20.72

1.0 0.5 3.14
2.0 6.28

4.0 (except for p ¼ 1 MPa) 12.56
6.0 18.84
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strong nonlinear behavior and the pronounced pinching effect at
larger strokes of the pressurized sand damper can be satisfactorily
approximated with

FdðtÞ ¼ ΠSDpR2½ηsgn½u̇ðtÞ� þ ζzðtÞ� ð1Þ

whereΠSDpR2 ¼ Q is the strength of the pressurized sand damper;
p = externally exerted pressure on the sand; R = radius of the mov-
ing sphere; ΠSD = dimensionless damper constant; u̇ðtÞ = velocity

of the damper piston; and zðtÞ = dimensionless internal time-
dependent variable of the Bouc-Wen model that is controlled by

żðtÞ ¼ dzðtÞ
dt

¼ 1

cR
½u̇ðtÞ − βu̇ðtÞjzðtÞjn − γju̇ðtÞjzðtÞjzðtÞjn−1� ð2Þ

The exponent n appearing in Eq. (2) controls the transition from
the elastic to the yielding regime and is set equal to one (n ¼ 1)
given that its effect is immaterial. Parameters β and γ control

Fig. 3. Selected force-displacement loops of the pressurized sand damper shown in Fig. 2 recorded at various exerted pressures p, stroke amplitudes
u0, and driving frequencies f0.
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the shape of the hysteretic loop, whereas parameter c expresses
the ratio of the yield displacement of the damper to the radius
of the sphere R and is set equal to 1=4 (c ¼ 0.25). Parameters η
and ζ in Eq. (1) together with parameters β and γ in Eq. (2) are
essentially the only four parameters of the proposed model that
need to be identified with nonlinear regression analysis (Makris
et al. 2021). The hysteretic damper model described by Eqs. (1)
and (2) is frequency independent given that the friction stresses
that develop along the steel-sphere interface are essentially rate
independent.

Fig. 4 plots the measured strength of the damper Q ¼ ΠSDpR2

that is the output force from the pressurized sand damper during
cyclic testing as the sphere mounted on the piston passes by the
displacement origin at pressure levels p ¼ 1.0; 2.0; 3.0; 4.0, and
5.0 MPa. The data appearing in Fig. 4 include the data initially
presented in Makris et al. (2021), together with additional exper-
imental data that were obtained during the course of this study.
Linear regression analysis of the recorded data yields a value for
the dimensionless damper constant ΠSD ¼ Q=pR2 ¼ 5.12. In view

of the linear dependance of the strength Q to the exerted pressure
p [as is suggested by dimensional analysis (Makris et al. 2021)],
Fig. 5 plots all the force-displacement loops recorded during our
experimental campaigns for all frequencies and exerted external
pressures normalized to the strength of the pressurized sand damper
Q ¼ ΠSDpR2 ¼ 5.12pR2. Given the normalization, at small dis-
placement amplitudes, the normalized damper output force Fd=Q
rides essentially along the lines �1, therefore parameter η is set
equal to one (η ¼ 1) and the hysteretic (rate-independent) model
described by Eqs. (1) and (2) reduces to a three-parameter model
in which only parameters ζ, β, and γ need to be identified from
nonlinear regression analysis.

Fig. 6 plots the performance of the calibrated hysteretic model
described by Eqs. (1) and (2) to capture the overall recorded

Fig. 4.Measured force from the pressurized sand damper during cyclic
testing as the sphere passes by the displacement origin at pressure
levels p ¼ 1.0; 2.0; 3.0; 4.0, and 5.0 MPa.

Fig. 6. Normalized force-displacement loops to the strength of
the pressurized sand damper: Q ¼ ΠSDpR2 recorded at all exerted
pressures and all cyclic frequencies for stroke amplitudes: (a) �4;
(b) �6; and (c) �8 cm (solid lines). Predictions of the three-parameter
(ζ;β, and γ) hysteretic model described by Eqs. (1) and (2) with fre-
quencies f0 ¼ 0.10 Hz (thin solid lines) andf0 ¼ 10.0 Hz (heavy
dashed lines).

Fig. 5. Recorded force-displacement loops at various amplitudes,
exerted pressures, and frequencies normalized to the strength of the
pressurized sand damper Q ¼ 5.12pR2. At midstroke [uðtÞ ¼ 0], all
recorded loops exhibit essentially the same normalized strength,
showing that the force output of the pressurized sand damper is rate
independent.
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behavior (at all pressures and all frequencies) as the pressurized
sand damper undergoes cyclic motion with displacement ampli-
tudes u0 ¼ 4.0; 6.0, and 8.0 cm. The optimal values of the param-
eters ζ, β, and γ of the nonlinear hysterics model that resulted from
nonlinear regression analysis that best fit the entire families of all
the recorded force-displacement loops with stroke amplitude
u0 ¼ 4.0; 6.0, and 8.0 cm are shown in each subplot. When both
displacement and velocity histories are symmetric, the hysteretic
model described by Eqs. (1) and (2) is rate independent.

Fig. 7(a) plots the force-displacement loop as generated by
Eqs. (1) and (2) with model parameters β ¼ −3.80, γ ¼ 3.43,
and ξ ¼ 0.025 when the input displacement history contains two
distinct excitations frequencies, ωe1 and ωe2, and is described by

uðtÞ ¼ u0½sinðωe1tÞ þ sinðωe2tÞ� ð3Þ

Eq. (3) produces a periodic displacement history; nevertheless,
successive peak negative and positive displacements are not
symmetric, as shown in Fig. 7(a). In this case the resulting
force-displacement loop in Fig. 7(b) (ωe1 ¼ 2π=Te1 ¼ 2π=0.2s
and ωe2 ¼ 2π=Te2 ¼ 2π=0.3s) is not symmetric. Such a non-
symmetric response, which results from the negative value of
parameter β, is known to the literature (Foliente et al. 1996;
Ma et al. 2004). In contrast, when the imposed displacement history

on the damper is symmetric, as is the triangular displacement input
ðuðtÞ ¼ 2uo

π sin−1ðsin 2π
Te
tÞÞ shown in Fig. 7(c), the resulting force-

displacement loop is symmetric as shown in Fig. 7(d).
The reason that the optimal values of parameters ζ, β, and γ

depend on the stroke amplitude u0 is due to a first-passage effect
that is similar to the scragging effect in elastomeric bearings where
larger values of bearing stiffness are observed in the first half-cycle

Fig. 7. (a) Periodic displacement history where successive peak negative and positive displacements are not symmetric; and as a result (b) the
force-displacement loop that results from Eqs. (1) and (2) is not symmetric. In contrast, (c) when the imposed displacement history is symmetric;
and (d) the resulting force-displacement loop is also symmetric.

Fig. 8. Elastic SDOF structure equipped with a pressurized sand
damper with strength Q ¼ ΠSDpR2 supported on a stiff chevron
frame.
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of loading of an untested bearing than in subsequent cycles
(Thompson et al. 2000; Morgan et al. 2001). In the pressurized sand
damper, as the sphere attached to the damper piston moves to larger
strokes, it further compresses the sand toward the stroke end, and in

subsequent cycles of the same amplitude, u0, the moving sphere
encounters less resistance, which translates to a milder pinching
effect. This first-passage effect essentially vanishes after the first
3=4 of the first cycle, as shown in Fig. 3.

Fig. 9. (a, b, e, and f) Displacement time histories of the SDOF structure shown in Fig. 8 without damper (solid lines with larger amplitudes); and with
damper (suppressed lines) together with (c, d, g, and h) the corresponding force-displacement loops of the supplemental pressurized sand damper
when subjected to (i) the Cholame 2/360 ground motion recorded during the 2004 Parkfield earthquake; and (j) the Nishi/000 ground motion recorded
during the 1995 Kobe earthquake. The numerical solutions obtained with the C++ algorithm implemented in OpenSees and with MATLAB are
essentially identical.
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Development and Verification of an OpenSees
Routine for Pressurized Sand Dampers

Given that the aim of the paper is to examine the response of
multistory structures equipped with pressurized sand dampers,
the first task is the development of a C++ routine that offers the
force output from the nonlinear hysteretic model described by
Eqs. (1) and (2), which was implemented in the open source
structural analysis software OpenSees (McKenna et al. 2000).
The developed C++ algorithm follows essentially the incremental
formulation presented by Haukaas (2003). Accordingly, at time
step tjþ1, the force output of the damper is

Fdðtjþ1Þ ¼ Q½sgnðu̇ðtjþ1ÞÞ þ ζzðtjþ1Þ� ð4Þ

and the rate equation for zðtjþ1Þ is discretized by a backward Euler
scheme as summarized in Appendix.

The verification of the C++ algorithm that was implemented in
OpenSees is presented herein, with the response analysis of an elas-
tic single-degree-of-freedom (SDOF) structure with mass m, stiff-
ness k, and viscous damping c shown in Fig. 8 that is equipped with
a pressurized sand damper with strength Q ¼ ΠSDpR2 supported
on a noncompliant chevron frame. The SDOF elastic structure has
natural frequency ω0 ¼ 2π=T0 ¼

ffiffiffiffiffiffiffiffiffi
k=m

p
and viscous damping ra-

tio ξ ¼ c=2mω0 and is subjected to earthquake-induced excitation,
ügðtÞ. Dynamic equilibrium of the SDOF structure gives

müðtÞ þ cu̇ðtÞ þ kuðtÞ þ FdðtÞ ¼ −mügðtÞ ð5Þ

where FdðtÞ = hysteretic damping force offered by the pressurized
sand damper given by Eq. (1). Upon dividing with the mass m,
Eq. (5) in association with Eq. (1) gives

üðtÞ þ 2ξω0u̇ðtÞ þ ω2
0uðtÞ þ

Q
m
½sgn½u̇ðtÞ� þ ζzðtÞ� ¼ −ügðtÞ ð6Þ

where zðtÞ = dimensionless internal variable offered by Eq. (2) and
parameter n ¼ 1. Accordingly, the state vector of the system fyðtÞg
is expressed as

fyðtÞg ¼ hy1ðtÞ; y2ðtÞ; y3ðtÞiT ¼ huðtÞ; u̇ðtÞ; zðtÞiT ð7Þ

where superscript T = transpose of the line vector, hi. The time-
derivative state vector, fẏðtÞg, is expressed by

fẏðtÞg ¼

8><
>:

u̇ðtÞ
üðtÞ
żðtÞ

9>=
>;

¼

8>>>><
>>>>:

y2ðtÞ
−ügðtÞ − 2ξoωoy2ðtÞ − ω2

oy1ðtÞ −Q
m
½sgn½y2ðtÞ� þ ζy3ðtÞ�

1

cR
½y2ðtÞ − βy2ðtÞjy3ðtÞjn − γjy2ðtÞjy3ðtÞjy3ðtÞjn−1�

9>>>>>=
>>>>>;

ð8Þ

Fig. 10. Elastic response spectra of the six recorded ground motions
used in this study together with the design elastic spectra for Soil
classes D and E (ASCE 2013).

Fig. 11. (a) The 9-story moment-resisting steel frame designed for the
SAC Phase II Project equipped at all levels with pressurized sand dam-
pers supported on a noncompliant chevron frame; and (b) geometric
and physical characteristics pertinent to the 9-story SAC building.
The indicated seismic mass is the entire mass of each floor of the
SAC building.
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The numerical solution obtained with the C++ algorithm version
13.1.6 outlined in Appendix, and implemented in the open source
software OpenSees (McKenna et al. 2000), is compared against the
numerical solution obtained with MATLAB version R2020a in
which the time derivative of the state vector fẏðtÞg offered by
Eq. (8) is integrated with standard ordinary differential equations
(ODE) solvers available in MATLAB.

Fig. 9 plots the relative-to-the-ground displacement response of
the SDOF structure shown in Fig. 8 with T0 ¼ 0.5 s and ξ ¼ 0.03
without and with a pressurized sand damper with Q=mg ¼ 0.05
[Figs. 9(a–d)] and Q=mg ¼ 0.10 [Figs. 9(e–h)] when subjected to
the Cholame 2/360 ground motion recorded during the 2004 Park-
field, California, earthquake [Fig. 9(i)] and the Nishi-Akashi/000
ground motion recorded during the 1995 Kobe, Japan, earthquake
[Fig. 9(j)].

Fig. 12. Comparison of the captured pushover (base shear versus roof
displacement) of the 9-story moment-resisting steel building in Fig. 11
with the results reported by Chopra and Goel (2002).

Fig. 13. Peak interstory displacements of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers
with strength (a and b) Q ¼ 0.05 mg; and (c and d) Q ¼ 0.10 mg when subjected to (e) the Cholame 2/360 ground motion recorded during the 2004
Parkfield earthquake; and (f) the Nishi/000 ground motion recorded during 1995 Kobe, Japan, earthquake shown in Figs. 9(i and j).
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The numerical solution obtained with the C++ algorithm imple-
mented in OpenSees and with MATLAB are essentially identical.
Fig. 9 indicates that the high-strength configuration of the damper
(Q=mg ¼ 0.1) results in smaller displacements and also smaller
peak forces because the pinching phenomenon is less pronounced
at smaller displacements.

The seismic response analysis of the 9-story SAC building that
follows in this study uses the six strong ground motions appearing in
Figs. 9(i and j), 15(g and h), and 17(g and h). The elastic response
spectra for viscous damping ratio ξ ¼ 5% of these six historic
ground motions exceed by far at the preyielding period of the struc-
ture, T1 ¼ 2.3 s, the design elastic spectra for Soil classes D and E
(ASCE 2013) as shown in Fig. 10. For instance, the lower earth-
quake spectral value is 2.2 times larger than the ClassD design spec-
tral value and 1.9 times larger than the Class E design spectral value.

Seismic Response of the 9-Story SAC Building
Equipped with Pressurized Sand Dampers

The 9-story SAC building (Gupta and Krawinkler 1998; Chopra and
Goel 2002) was designed to meet the seismic code (pre-Northridge
earthquake) and represents typical medium-rise buildings designed
for the greater area of Los Angeles, California.

This moment-resisting steel building is 40.82 m tall with nine
stories above ground level and a basement, as shown in Fig. 11. The
bays are 9.15 m wide, with five bays in the north-south (N-S) and
east-west (E-W) directions. The floor-to-floor height of each story
is 3.96 m, except for the basement and first floor, which are 3.65
and 5.49 m, respectively, as shown in Fig. 11. Column splices are
on the first, third, fifth, and seventh floors and located 1.83 m above
the beam-column joint. The column bases are modeled as pinned

Fig. 14. Peak floor accelerations of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers with
strength (a and b) Q ¼ 0.05 mg; (c and d) Q ¼ 0.10 mg when subjected to the Cholame 2/360 ground motion recorded during the 2004 Parkfield
earthquake and the Nishi/000 ground motion recorded during the 1995 Kobe, Japan earthquake [(a–d), respectively]; and (e and f) computed base
shear of the (dashed lines) undamped and (solid lines) damped 9-story SAC building.
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connections, and it is assumed that the surrounding soil and con-
crete foundation walls are restraining the structure in the horizontal
direction at the ground level. The columns are 345-MPa-wide-
flange steel sections, and the floor beams are composed of 248-
MPa-wide-flange steel sections. All beam column connections
of the frames are rigid except for the corner columns, which are
pinned in order to avoid biaxial bending of the members. In this
study, the exterior frame in the N-S direction is chosen for the
two-dimensional (2D) validation of our planar analysis.

The nonlinear response of the 9-story multi-degree-of-freedom
(MDOF) structure is computed with the nonlinear built-in model
Steel01 in OpenSees, which is essentially a bilinear model, at the
stress-strain level. Accordingly, we have used an elastic modulus of
E ¼ 210 GPa, a strain hardening ratio (postyield to elastic, preyield
modulus ratio), a ¼ 0.03, and a yield strength, σy ¼ 248 MPa for
beams, and σy ¼ 345 MPa for columns.

Fig. 12 plots the computed pushover curve (base shear versus
roof displacement) of the 9-story moment-resisting steel building
without the hysteretic damper, which is essentially identical with
the pushover curve presented in past investigations (Gupta and
Krawinkler 1998; Chopra and Goel 2002). The resulting preyielding
period is T1 ≈ 2.3 s. The C++ routine summarized in Appendix that
returns the force output of the pressurized sand damper given the
time history of the interstory displacement was implemented in
OpenSees for the response analysis of the 9-story moment-resisting
SAC building equipped with pressurized sand dampers shown
in Fig. 11.

Fig. 6 indicates that depending on the stroke amplitude (u0 ¼
4.0; 6.0, and 8.0 cm), neighboring yet different values of the
parameters β, γ, and ζ of the proposed Bouc-Wen hysteretic
model, as described by Eqs. (1) and (2), are needed due to the
first-passage effect on the moving sphere to best fit the recorded

Fig. 15. Peak interstory displacements of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers
with strength (a and b) Q ¼ 0.05 mg; and (c and d) Q ¼ 0.10 mg when subjected to (e–h) the Poe Road/270 ground motion recorded during 1987
Superstition Hills earthquake and the Gilroy Array 6/230 ground motion recorded during the 1979 Coyote Lake earthquake.
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force-displacement loops at each given stroke amplitude. When the
values of parameters β, γ, and ζ identified for a lower stroke am-
plitude (say, u0 ¼ 4.0 cm) are used to model the damper response
at higher amplitudes (say, u0 ¼ 6.0 or 8.0 cm), then a more pro-
nounced pinching effect is produced by the hysteretic model at
higher amplitudes. Accordingly, in order to be on the conservative
side and avoid the generation of unrealistic large hysteretic forces,
at every analysis the values of the model parameters β, γ, and ζ are
those associated with displacement amplitudes at or above the in-
terstory displacements of the building when equipped with damp-
ers. As an example, Figs. 13(a and b) shows with heavy dark bars
the interstory displacement of the 9-story SAC steel frame without
dampers when subjected to the Cholame 2=360 ground motion
recorded during the 2004 Parkfield, California, earthquake. Given

that the interstory displacements at the eighth and ninth level margin-
ally exceed 6.0 cm, whereas all the other interstory displacements
are below 6.0 cm, the analysis when the 9-story SAC building is
equipped with dampers uses the parameters β ¼ −3.80, γ ¼ 3.43,
and ζ ¼ 0.025 identified from cyclic testing of the damper with
stroke amplitude u0 ¼ 6.0 cm [see Fig. 6(b)]. Figs. 13(a and b)
shows that interstory displacements of the 9-story SAC building
when equipped with pressurized sand dampers (gray bars) are
all below 6.0 cm, therefore the choice of the parameter values
β ¼ −3.80, γ ¼ 3.43, and ζ ¼ 0.025 is appropriate. The same ap-
plies to the response analysis of the 9-story SAC building equipped
with pressurized sand dampers shown in Figs. 13(c and d) when
subjected to the Nishi-Akashi/000 ground motion recorded during
the 1995 Kobe, Japan, earthquake. Fig. 13 shows that the pressurized

Fig. 16. Peak floor accelerations of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers
with strength (a and b) Q ¼ 0.05 mg; (c and d) Q ¼ 0.10 mg when subjected to the Cholame 2/360 ground motion recorded during the 1987
Superstition Hills earthquake and the Gilroy Array 6/230 ground motion recorded during the 1979 Coyote Lake earthquake [(a–d), respectively];
and (e and f) computed base shear of the (dashed lines) undamped and (solid lines) damped 9-story SAC building.
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sand dampers are effective in reducing interstory displacements, and
when their strength Q is 10% of the weight of their corresponding
floors, all drifts are below 1% of the story height.

The peak floor accelerations of the 9-story SAC steel building
when subjected to the two ground motions discussed in Fig. 13 are
shown in Figs. 14(a–d), whereas Figs. 14(e and f) plots the corre-
sponding base-shear time history of the undamped and damped
SAC building. Figs. 14(a and b) indicates that when supplemental
damping is provided, peak floor accelerations are reduced in most
floors; nevertheless, the opposite happens in a small number of
floors. The use of supplemental damping invariably reduces the
base shears.

Figs. 15(a and b) shows with heavy dark bars the interstory dis-
placements of the 9-story SAC steel frame without dampers when
subjected to the Poe Road/270 ground motion recorded during the
1987 Superstition Hills, California, earthquake. All interstory dis-
placements other than the one of the first level are below 6.0 cm;

therefore, the analysis when the SAC building is equipped with
pressurized sand dampers uses the parameters β ¼ −3.80, γ ¼
3.43, and ζ ¼ 0.025 identified from cyclic testing of the damper
with stroke amplitude u0 ¼ 6.0 cm [see Fig. 6(b)]. Figs. 15(a and b)
shows that the interstory displacements of the 9-story SAC build-
ing when equipped with pressurized sand dampers (gray bars) are
all below 6.0 cm, therefore the aforementioned choice of parame-
ters β, γ, and ζ is appropriate. The same applies to the response
analysis of the 9-story SAC building with pressurized sand dampers
shown in Figs. 15(c and d) when subjected to the Gilroy Array
6=230 ground motion recorded during the 1979 Coyote Lake,
California, earthquake. Fig. 15 shows that the pressurized sand
dampers are effective in reducing interstory drifts at or below 1%
of the story height. Fig. 15 shows that the base shears of the damped
9-story SAC building are invariably lower than when the building is
undamped.

Fig. 17. Peak interstory displacements of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers
with strength (a and b) Q ¼ 0.05 mg; and (c and d) Q ¼ 0.10 mg when subjected to (e and g) the El Centro Array 5/140 ground motion recorded
during the 1979 Imperial Valley earthquake; and (f and h) the Newhall/360 ground motion recorded during 1994 Northridge earthquake.

© ASCE 04022071-12 J. Struct. Eng.

 J. Struct. Eng., 2022, 148(7): 04022071 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

SO
U

TH
ER

N
 M

ET
H

O
D

IS
T 

U
N

IV
ER

SI
TY

 o
n 

04
/2

2/
22

. C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



The peak floor accelerations of the 9-story SAC steel building
when subjected to the two ground motions discussed in Fig. 15 are
shown in Figs. 16(a–d), whereas Figs. 16(e and f) plots the base-
shear histories of the undamped and damped SAC building. Again,
Fig. 16 indicates that supplemental damping in general reduces floor
acceleration; nevertheless, the opposite happens in a small number
of floors.

Fig. 17 shows the interstory displacements of the 9-story SAC
steel frame without and with dampers when subjected to the
El Centro Array 5/140 ground motion recorded during the 1979
Imperial Valley earthquake [Figs. 17(a, c, e, and g)] and the
Newhall/360 ground motion recorded during 1994 Northridge
earthquake [Figs. 17(b, d, f, and h)]. Again, the pressurized sand
dampers with strength Qi ¼ 0.05 or 0.10 m1 g are effective in

suppressing interstory drifts except at the first level, which expe-
riences drifts of the order of 1.2% of the floor’s height level when
the damper strength Q1 ¼ 0.10 m1 g. In this case, at the first-floor
dampers with strengths larger than Q1 ¼ 0.10 m1 g need to be
installed to reduce the first-story displacement below 1% of the
floor height. The base shears of the 9-story SAC building with sup-
plemental damping are invariably lower than when the building is
undamped.

The peak floor accelerations of the 9-story SAC steel building
when subjected to the two ground motions discussed in Fig. 17 are
shown in Figs. 18(a–d), whereas Figs. 18(e and f) plots the time
history of the base shears. Again, as previously discussed, supple-
mental damping produces mixed results on floor accelerations;
nevertheless, in most floors peak accelerations are reduced.

Fig. 18. Peak floor accelerations of the 9-story SAC steel building (heavy dark bars) without and (gray bars) with pressurized sand dampers
with strength (a and b) Q ¼ 0.05 mg; and (c and d) Q ¼ 0.10 mg when subjected to the El Centro Array 5/140 ground motion recorded during
the 1979 Imperial Valley earthquake and the Newhall/360 ground motion recorded during 1994 Northridge earthquake [(a–d), respectively]; and
(e and f) computed base shear of the (dashed lines) undamped and (solid lines) damped 9-story SAC building.
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To this end, in addition to floor drifts, floor accelerations, and
base shears, the response analysis presented herein computes peak
values of the plastic hinge rotations of the beams at all levels of the
9-story moment-resisting frame shown in Fig. 11. The computed
peak plastic hinge rotations of the beams that connect to the exterior
columns on the left side of the frame are presented in Fig. 19 by
following the presentation style of plastic hinge rotation profiles
introduced in the seminal work of Gupta and Krawinkler (1998).
Plastic hinge rotations of structural members can be directly ob-
tained with the OpenSees open source platform by passing the
plasticDeformation argument to the Element recorder command
(Scott 2007).

Fig. 19 plots the profiles of the peak plastic hinge rotations of
the beams that meet the exterior columns on the left of Fig. 11
(which also indicates the floor levels) when the structure is sub-
jected to the El Centro Array 5/140 ground motion [Fig. 19(a)] and
the Newhall/360 ground motion [Fig. 19(b)]. Fig. 19 shows that
supplemental hysteretic damping from pressurized sand dampers
with strength of the order of 10% of the weights of their correspond-
ing floors reduces appreciably the peak plastic hinge rotations
throughout the height of the 9-story moment-resisting building.
At the same time, it needs to be recognized that plastic hinge for-
mation at the lower-story columns is challenging to control, and
large values of supplemental damping are needed to achieve reduc-
tion of hinge rotations.

Conclusions

The need to limit inelastic deformations and damage during the
earthquake shaking of multistory buildings has prompted during
the last four decades the use of supplemental energy dissipation
devices. At present viscous fluid dampers and BRBs have emerged
as the two types of passive energy dissipation devices that enjoy the
widest implementations.

This paper investigates the seismic response analysis of the
9-story SAC building when equipped with pressurized sand
dampers—a new type of low-cost, sustainable energy dissipation
devices where the material enclosed within the damper housing
is pressurized sand. The strength of the pressurized sand damper
is proportional to the externally exerted pressure on the sand via
prestressed steel rods and can be adjusted at will by monitoring
the axial strains on the steel rods with standard inexpensive
strain gauges. The strong pinching behavior of the pressurized
sand damper is characterized with a previously developed three-
parameter Bouc-Wen hysteretic model that in this work is imple-
mented in the open source code OpenSees with a C++ algorithm
and is used to analyze the seismic response of yielding buildings.

The inelastic response analysis study used six strong recorded
ground motions that exceed the design response spectrum for
all soil categories at the preyielding period of the 9-story SAC
building. The paper concludes that pressurized sand dampers with
strengths of the order of 5%–10% of the weights of correspond-
ing floors are capable to keep interstory drifts of the 9-story
SAC building at or below 1%. The implementation of pressurized
sand dampers also reduces peak floor accelerations in most floors;
however, the opposite happens in selective floors. The occasional
exceedance of the peak acceleration at a given floor when supple-
mental damping is used does not follow any identified pattern. The
base shears of the damped 9-story SAC building are invariably
lower than when the building is not equipped with supplemental
dampers. Finally, the paper shows that supplemental hysteretic
damping from pressurized sand dampers with strengths of the
order of 10% of the weights of their corresponding floors reduces
appreciably peak plastic hinge rotations throughout the height of
the 9-story moment-resisting building.

Appendix. Modeling the Pressurized Sand Damper
in the Open Source Code OpenSees (McKenna
et al. 2000)

The procedure implemented in OpenSees to model the hysteretic
damper described by Eqs. (1) and (2) is summarized in Appendix.

While
�
jzoldjþ1 − znewjþ1j > tol

�

• Evaluate function fðzjþ1Þ
ψ ¼ β þ γsgn½ðujþ1 − ujÞzjþ1� ð9Þ

ϕ ¼ 1 − jzjþ1jnψ ð10Þ

fðzjþ1Þ ¼ zjþ1 − zj − ϕ
uy

ðujþ1 − ujÞ ð11Þ

• Evaluate function derivatives (prime denotes derivative with
respect to zjþ1)

ϕ 0 ¼ −njzjþ1jn−1sgnðzjþ1Þψ − jzjþ1jnψ ð12Þ

f 0ðzjþ1Þ ¼ 1 − ϕ 0

uy
ðujþ1 − ujÞ ð13Þ

Fig. 19. Beam (at exterior columns) peak plastic hinge rotations of
the 9-story SAC steel building without and with pressurized sand
dampers with strength Q ¼ 0.05 mg ðsquaresÞ and Q ¼ 0.10 mg
(diamonds) when subjected to (a) the El Centro Array 5/140 ground
motion recorded during the 1979 Imperial Valley earthquake; and
(b) the Newhall/360 ground motion recorded during 1994 Northridge
earthquake.
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• Obtain trial value in the Newton scheme

znewjþ1 ¼ zjþ1 − fðzjþ1Þ
f 0ðzjþ1Þ

ð14Þ

• Update zjþ1 (and store the old value for the convergence check)

zoldjþ1 ¼ zjþ1 and zjþ1 ¼ znewjþ1 ð15Þ

Compute the force described in Eq. (1).
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