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Real-time hybrid simulation (RTHS) divides a structural system into analytical and experimental substructures
that are coupled through their common degrees of freedom. This paper introduces a framework to enable RTHS
to be performed on 3D nonlinear models of tall buildings with rate dependent nonlinear response modification
devices, where the structure is subjected to multi-directional wind and earthquake natural hazards. A 40-story
tall building prototype with damped outriggers is selected as a case study. The analytical substructure for the
RTHS consists of a 3-D nonlinear model of the structure, where each member in the building is discretely
modeled in conjunction with the use of a super element. The experimental substructure for the RTHS consists of a
full-scale rate-dependent nonlinear viscous damper that is physically tested in the lab, with the remaining
dampers in the outrigger system modeled analytically. The analytically modeled dampers use a stable explicit
non-iterative element with an online model updating algorithm, by which the covariance matrix of the damper
model’s state variables does not become ill-conditioned. The damper model parameters can thereby be updated
in real-time using measured data from the experimental substructure. The explicit MKR-a method is optimized
and used in conjunction with the super element to efficiently integrate the condensed equations of motion of a
large complex model having more than 1000 nonlinear elements, thus enabling multi-axis earthquake and wind
hybrid nonlinear simulations to be performed in real-time. An adaptive servo-hydraulic actuator control scheme
is used to enable precise real-time actuator displacements in the experimental substructure to be achieved that
match the target displacements during a RTHS. The IT real-time architecture for integrating the components of
the framework is described. To assess the framework, 3D RTHS of the 40-story structure were performed
involving multi-axis translational and torsional response to multi-directional earthquake and wind natural
hazards. The RTHS technique was applied to perform half-power tests to experimentally determine the amount of
supplemental damping provided by the damped outrigger system for translational and torsional modes of vi-
bration of the building. The results from the study presented herein demonstrate that RTHS can be applied to
large nonlinear large structural systems involving multi-axis response to multi-directional excitation.

1. Introduction

Hybrid simulation divides a structural system into analytical and
experimental substructures which are coupled through their common
degrees of freedoms [1-3]. Real-time hybrid simulation (RTHS) is per-
formed in real time and is needed to accommodate the presence of
load-rate dependent experimental substructures as components within
the larger analytically modeled system [2]. The analytical substructure
for a RTHS is comprised of components of the system that can be
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accurately modeled numerically, while the remaining components of the
system that are difficult to model analytically are modeled physically via
an experimental substructure in the laboratory. This paper extends
RTHS to simulations of a 40-story tall building with a damped outrigger
system that is subjected to multi-directional wind and earthquake nat-
ural hazards.

The damped outrigger system presented in this paper consists of
nonlinear viscous dampers inserted between the ends of an outrigger
truss and the adjacent perimeter columns of a building. Tall buildings
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are known to have a minimal amount of inherent damping with a
damping ratio of less than 1 %, particularly in structures that are taller
than 250 m [4]. Smith and Willford [5] proposed damped outrigger
systems to increase the damping of the building and improve its
response to natural hazards. Buildings are subjected to wind load effects
from all sides, where the differential pressure acting around the
circumference of the structure will cause combined translational and
story twist, which both contribute to floor accelerations. These accel-
erations are increased at the perimeter of the structure’s floor plan,
where the effects of angular accelerations have their greatest effect.
Three-dimensional analytical models are needed to capture this effect.
Seismic torsional loading arising from an eccentricity between the mass
and center of rigidity is also a scenario where two-dimensional analyt-
ical models fail to capture the realistic response of a building.

Numerous analytical studies have been previously conducted to
investigate the behavior of a damped outrigger system, such as those by
Fang et al. [6]; Tan et al. [7]; Nagarajaiah et al. [8]; Wang et al. [9]; Xing
et al. [10]; and Malik and Kolay [11]. In particular, the studies by Fang
et al. [6], Tan et al. [7], Xing et al. [10], and Malik and Kolay [11]
showed that the amount of supplemental damping achieved from a
damped outrigger system is dependent on both the location of the out-
riggers and the damping constant of the dampers. Wang et al. [9]
demonstrated the ability of a damped outrigger system to suppress
cross-wind vibrations in tall buildings and the need to stiffen the
perimeter columns that are in the load path of the dampers. Nagarajaiah
et al. [8] placed negative stiffness response modification devices be-
tween an outrigger truss and perimeter columns to increase the defor-
mation in response modification devices placed in the outrigger to
dissipate larger amounts of energy as the system responds to external
excitations. Such an arrangement was shown by Nagarajaiah et al. [8] to
suppress wind induced floor accelerations. These studies used either a
planar finite element model or other analytical models which do not
account for the effects of multi-axis loading.

Many of the previous studies that have used RTHS have involved a
planar structure, including those that examine tall buildings with
nonlinear viscous dampers under wind and earthquake natural hazards
[12,13] as well as the seismic performance of low-rise reinforced con-
crete and steel frame buildings with nonlinear viscous dampers [14,15]
and elastomeric dampers [16,17]. Asai et al. [18] performed RTHS on a
planar model of a 60-story building to experimentally verify the efficacy
of smart outrigger MR-based damping systems for enhancing the seismic
performance of high-rise buildings. There have been numerous de-
velopments to enable RTHS to be used for multi-axis response of struc-
tural systems. Prior studies include that by Fermandois and Spencer
[19], who formulated a real-time feedback-feedforward model-based
controller for multiple actuators in multi-axis RTHS. Najafi et al. [20]
developed a framework with tracking compensation to enhance the
controller stability when testing stiff specimens. These studies focused
primarily on multi-axis loading where there was a strong coupling effect
between multiple actuators in the experimental substructure. Najafi and
Spencer [21] performed three-dimensional (3D) RTHS to investigate the
3D seismic behavior of a bridge structure. The study involved using a
linear elastic analytical substructure, where the authors stated that their
use of a linear elastic analytical substructure was based on the challenge
of developing a 3D inelastic model that could accurately model the su-
perstructure of the bridge system. While the results of their study pro-
vided new knowledge and extensions of RTHS to bridge structures
subjected to multi-directional loading, the approach is not suitable for
applications to tall buildings, in which many more DOFs exist and in-
elastic multi-axis structural response can occur during an earthquake.

The presence of a large number of structural degrees of freedom in
the equations of motion and the state determination of the elements of
the analytical substructure during a RTHS of a tall building can pose a
computational bottleneck, in which the calculations for each time step in
the integration procedure cannot be completed within the required time
step. An additional challenge exists when there are many rate-dependent
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response modification devices throughout the structure and only a few
of these devices are available to create physical models via an experi-
mental substructure. In this situation, online model updating of the
parameters of the model is often performed using experimental data
from the experimental substructure [12,22-24]. In a tall building, the
multi-directional loading can engage multiple vibration modes in the
structure’s response, resulting in different response characteristics for
dampers whose response are not in phase and of different amplitude due
to their varied locations throughout the structure. This can affect the
accuracy of online model updating to predict the numerically modeled
dampers with updated model parameters. Specifically, these updates are
based on data from an experimental substructure that is not in phase and
has a different amplitude than the dampers being modeled in the
analytical substructure.

This paper presents the development, implementation, and assess-
ment of a RTHS framework that overcomes the current barriers to using
3D multi-axis RTHS to investigate the nonlinear response of tall build-
ings subjected to multi-natural hazards. The 40-story building selected
for the study has damped outriggers and is assumed to be located in Los
Angeles, California. A 3D RTHS nonlinear analytical substructure model
was developed to capture multi-directional translational and torsional
effects, where the latter was noted previously as being caused by dif-
ferential wind pressure acting around the circumference of the building
and/or an eccentric mass with respect to the center of rigidity of a floor
level. The equations of motion are integrated using an explicit dissipa-
tive integration algorithm that is unconditionally stable. The algorithm
has been optimized and incorporates a super element to condense the
number of degrees of freedom while retaining the nonlinear elements of
the model, such that the integration can be completed in real-time for
each time step.

The experimental substructure for the RTHS consisted of a full scale
nonlinear viscous damper, with the other dampers in the building
modeled analytically. The effects of multi-axis coupling of multiple ac-
tuators was therefore not present in the study. The parameters of the
analytically modeled dampers are updated using an explicit real-time
online model updating algorithm developed by the authors using
measured data from the experimental substructure to ensure that the
covariance matrix of the damper model’s state variables will not become
ill-conditioned. The potential for actuator delay and amplitude error
exists during a RTHS. Consequently, an adaptive compensation actuator
control law was used in the RTHS based on the Adaptive Time Series
(ATS) compensator by Chae et al. [25]. High-rise structures subjected to
multi-directional natural hazard loading can pose a challenge in actu-
ator control since the structural response characteristics for each hazard
type can differ (e.g., wind versus earthquake), which has an effect on the
specimen-actuator interaction. The use of the ATS compensator for the
multi-natural hazard RTHS of high-rise structures is assessed in this
paper. In addition, a method was developed where the half-power
testing method was performed using RTHS to experimentally quantify
the amount of supplemental damping in the building that is generated
by the viscous dampers placed in the outrigger system.

The results of the building’s response from the 3D RTHS are pre-
sented to illustrate the response characteristics and the ability of the
RTHS framework to capture true behavior of actual tall buildings sub-
jected to multi-natural hazards. The accuracy of the newly developed
online model updating algorithm along with the ATS compensator is
evaluated for the multi-directionally loaded tall building, which expe-
riences a multi-axis response due to wind and earthquake hazards.
Finally, the results of the 3D RTHS half-power testing are presented and
assessed.

2. Description of prototype building
The building used for the study is among the architypes for the

California Tall Building Initiative [26] that was designed in accordance
with the Tall Building Initiative Guidelines [27]. The Los Angeles
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located structure has a height of 166 m with a 32.6 m by 51.7 m floor
plan, see Fig. 1(a) and (b). The lateral load resisting system includes six
buckling restrained braced frames (BRBFs) in both the north-south (N-S)
and east-west (E-W) directions. The gravity load resisting system in-
cludes columns, beams, and light weight composite metal decking. The
columns are comprised of square steel box columns with sizes ranging
from 0.45 m to 1.4 m and filled with high strength concrete. They are
fabricated from steel plates ranging from 38 mm to 76 mm in thickness.
The beams are comprised of A992 steel wide flange sections. The col-
umns and beams are designed to remain elastic when the buckling
restrained braces (BRBs) yield. The BRBs have a strength ranging from
2045kN to 3440kN over the height of the building. The
beam-to-column connections are shear connections that do not resist
moment. The building includes six outrigger trusses located at the 20th,
30th, and 40th stories in the north-south direction. There are no con-
nections between the floor diaphragm to the outrigger trusses to create a
lateral load path in the E-W direction of the building to the outrigger
trusses, and therefore the outrigger system only acts in the plane of the
outriggers. The floor diaphragms of the building are constructed of
composite floor slabs consisting of lightweight concrete cast on top of
metal decking. The building has a basement of four story levels. Addi-
tional details regarding the building design can be found in Moehle et al.
[26].

The building was designed by Moehle et al. [26] with the following
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performance objectives: 1) elastic behavior with no major BRB yielding
and a maximum story drift of less than 0.5 % under the frequently
occurring 43-year return period earthquake; 2) collapse prevention
under the 2475-year return period Maximum Considered Earthquake
(MCE) with a maximum story drift of less than 3 %; and, 3) the BRBs
remaining elastic under the design wind loads corresponding to a
137 km/h basic wind speed calculated using Method 2 in ASCE7-5 [28].
Hence, the structure is expected to develop inelastic response during a
RTHS involving strong earthquake ground motions.

For the purpose of the RTHS, the original design of the building was
modified by placing nonlinear viscous dampers between the ends of
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each outrigger truss and adjacent perimeter columns, as shown in Fig. 1
(c) and in Fig. 3. The orientation of the outrigger system in the N-S di-
rection and lack of a load path to the BRBFs in the E-W direction results
in the dampers being engaged only under N-S loading and torsion. The
building has a rectangular floor plan and therefore axial deformation
develops over the height of the structure from torsional warping, which
causes the dampers in the outriggers to deform and dissipate energy. The
axial stiffness of the perimeter columns and the axial and bending
stiffness of the outrigger truss members were increased by a factor of 3 to
make the dampers more effective in suppressing dynamic vibrations
[13].

3. Real-time hybrid simulation configuration
3.1. Integration of the equations of motion

The analytical and experimental substructures of the RTHS consist of
a 3-D finite element model of the building and one full scale nonlinear
viscous damper, respectively, where the former is shown in Fig. 1. A
flowchart of the integration algorithm for performing the RTHS is given
in Fig. 2. The RTHS performed herein is based on the explicit model-
based dissipative model-based MKR-a integration algorithm [29] to
integrate the weighted equations of motion, where:

(€8]

M and C that appear in Eq. (1) are the analytically modeled mass and
inherent damping matrices of the system, respectively. R

Ria+1 —af
experimental substructure, the weighted restoring force vector of the
analytical substructure, and the weighted forcing function, respectively,
uwal and v{ are the weighted displacement and velocity vec-

i+1-ay
tors for the experimental substructure, respectively, while uf ;

v;l-%—l—af

analytical substructure, respectively. The weighting of each of these
quantities is determined by applying Eq. (2) to response quantities at
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Fig. 1. Prototype 40-story tall building: a) isometric view; b) floor plan; and (c) analytical substructure for RTHS with experimental substructure-modeled dampers
shown at either the NW or NE 30th story dampers (see Fig. 3 for damper configuration).
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Fig. 3. Locations of viscous dampers at corners of floor plan: (a) at ends of outrigger trusses at 20th, 30th, and 40th stories, and configurations for (b) earthquake
RTHS, and (c) wind RTHS; building is subjected to either bi-directional earthquake ground motions or NE wind, as shown.

time step i+1 and i

(o )i+1—af = (1 _af)( )i Tar(®); (2)
where of is a weighting factor defined later. In Eq. (1) a;., is the
weighted acceleration vector defined as:

iy = (I — a3)a;1 + azq; 3

In Eq. (3) a;;; and @; are the acceleration vectors at time step i + 1

and i, respectively, and a3 is a matrix of integration parameters that is
defined later.

The equations of motion are integrated using the explicit-based re-
lationships given in Eqgs. (4) and (5), where u, v, and a are the vectors of
displacement, velocity, and accelerations, respectively, At is the time
step, and i and i+ 1 are associated with time step i and i+ 1,
respectively.

Vi1 =V + At a; 4)
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U1 = U; + AtVi + Atzagai (5)

In the above Egs. (3), (4) and (5), @;, a2, and a3 are matrices of
integration parameters of size n x n, where n is the number of DOF of the
system. The integration parameters are formulated [29,30] such that the
MKR-a integration algorithm possesses numerical energy dissipation
and has the same dispersion characteristics as the Generalized-a method
[31], where

= a'M,a,=(05+y)a;, as= a'|a,M+ afyAtE'Jraf/}Atzf(]
(6a,b,c)

In Equation (6¢) C and K are the damping and elastic stiffness
matrices of the complete system, respectively, which are based on the
system’s inherent damping matrix C and the stiffness matrix K for the
analytical substructure in addition to the contribution of the experi-
mental substructure damping and stiffness matrices C,, and K,
respectively, whereby

C=C+C,, K=K+K, %)

For the RTHS performed herein, which involve nonlinear viscous
dampers, the equivalent linear stiffness and damping of the dampers was
established using the linearized Kelvin-Voigt model at the fundamental
frequency of the structure [32].

To expedite the integration of the weighted equations of motion for
performing the RTHS a super element that is described in Section 5 is
used to reduce the number DOF of the model, and therefore the size of
the matrices M, Cand I~<, which in turn reduces the size of the integration
parameters matrices @, az, and az. Consequently, there is a reduction in
the matrix calculation effort during the RTHS since the size of the
matrices are smaller. To further reduce the computational demand, Eq.
(1) through (6) are combined, as shown in Fig. 2, to establish the
following recursive relationship:

Vi1 =A Fit1-a; — FIDHI,(,f —Rit1-a, — ﬁli] (€))
where
~ 1 _
a,., =Dvy,, D= e a;', A= Ate;[M— Mas) ! (9a,b,c)
and
F.,,, =Cvi+(1-a)Vi], Riag
=(1-a) (RS, +R,,) +as(RU4R), F,=Bv; B
1
=—Ma; o7t
At T
(10a,b,c,d)

Equations (6b) and (9a,b) are used to rewrite Egs. (4) and (5) to
include v;, where

Vi =Vi+ ¥ an

U = U; + Aty; + (05 + ]/)Ati’\i (12)

As will be discussed later, the use of Egs. (8), (11), and (12) avoid the
need for calculating the acceleration vector a;,;, thereby further expe-
diating the calculation process during each time step of the RTHS.

The quantities y, §, oy, and an, that appear in the above equations are
scalars that are related to each other by:

y=05—an+as, A= 0.5(0.5+7y) (13ab)

The parameters o and ay, are related to the high-frequency spectral
radius p_, as follows:
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Hence, the MKR-a integration algorithm has only one free parameter
P> Which varies in the range of 0 < p_ < 1. The parameter p_ controls
the amount of numerical energy dissipation, where p_= 1 and 0 impose
zero and the maximum numerical energy dissipation, respectively.

Integrating the equations of motion involves first initializing various
quantities, as identified in Fig. 2, where the vector of initial acceleration
ay is obtained based on satisfying equilibrium for the selected conditions
for initial displacement ug and initial velocity v:

M(lo = Fo — EVQ — I’?do (15)

The process then continues where for each time step: (1) the vector of
target velocities v;;; and displacements u;,; are determined from FEqgs.
(11) and (12); (2) the target displacements are then imposed onto the
experimental and analytical substructures to obtain their respective
vectors of restoring forces R;,; and Ry, ;, respectively; and, (3) Vi, is
determined using Eq. (8). R{,, is obtained by measuring the restoring
forces developed in the experimental substructure, while R{,; is ob-
tained from a state determination that is performed on each element of
the analytical model, R{;™**"*, which is then summed with the contri-

bution of the analytically modeled dampers’ restoring forces R ™",
where
Ria+1 _ R?J:ldampers + R[_a;]structure (16)

a—dampers
Ri+1

gorithm’s model parameters in the Constrained Unscented Kalman Filter
block to the damper models (identified as OMU-E-NLMN in Fig. 2, and
discussed later). The structure’s acceleration vector a;; is not required
to be computed during the RTHS, as implied in Fig. 2, thereby expediting
the calculations during the RTHS. This is critical when performing a
RTHS, where the computational resources are preserved to perform only
the required computations during the RTHS to enable the simulation to
be conducted in real-time. The system’s acceleration vector a for each
time step (e.g., @;+1) can be recovered following the RTHS by using
Equation (9a), where V;; has been saved for each time step during the
RTHS.

The integration of the weighted equations of motion during the
RTHS used a time step size of At = 11,/1024 s for the MKR-a algorithm,
with p, equal to 0.5 for the earthquake and 0.75 for the wind simula-
tions. The values for At and p, were determined from numerical
convergence studies to be suitable values for conducting accurate RTHS.

is determined from applying the online model updating al-

3.2. Test matrix

The test matrix for the RTHS is given in Table 1 and includes multi-
axis earthquake and wind loading natural hazards. The earthquake
loading was based on the orthogonal components of the 1989 Loma
Prieta ground motion scaled to the MCE hazard level, which has a 2475-
year return period [26]. The wind load is imposed in the NE direction on
the building and has a 177 km/h basic wind speed with a 700-year mean
return interval. The wind load history was obtained by placing a 1/150
scale aerodynamic model of the tall building in a wind tunnel to measure
wind pressures and then scaling them to full scale. The directions of the
applied earthquake and wind loading are illustrated in Fig. 3. Further
details about the earthquake record and wind loading are presented in
Section 4 Description of Natural Hazards.

The configuration of the dampers in the building is given in Table 1
and includes Configurations 5-5-5 and 3-3-3. Configurations 5-5-5 and
3-3-3 indicate five and three dampers, respectively, acting in parallel
between the ends of each outrigger truss and adjacent perimeter column
at the 20th, 30th, and 40th stories, as illustrated in Fig. 3. Hence, there
are a total of 60 dampers in the building for Configuration 5-5-5 for the
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Table 1
RTHS test matrix.

Engineering Structures 315 (2024) 118348

Test Natural Damper Total number of ATS coefficients configuration
ID hazard configuration dampers ) . A .
Coefficient  Floor Ceiling Maximum rate of Initial RMS
value value change value Threshold
1 Earthquake 5-5-5 60 a0 0.8 1.2 2x1073 0.984 1 mm
al 0 3x10°2 5x10°° 0.017
a2 0 2x107* 1x10°° 1x107*
2 Wind 3-3-3 36 a0 1 1 2x1073 1 1 mm
al 0 4x102 5x10°° 0.015
a2 0 0 1x10°° 0

earthquake RTHS, and 36 dampers for Configuration 3-3-3 for the wind
RTHS. The earthquake loading resulted in large deformation demand on
the dampers which caused the damper stroke limit to be exceeded when
using Configuration 3-3-3. Consequently, the number of dampers in the
earthquake RTHS was increased to five to reduce the damper de-
formations during the earthquake. The purpose of this paper is to pre-
sent a framework for performing 3-D RTHS of a tall building. The
response of the building under earthquake and wind loading are dis-
cussed separately and is not intended to be compared, and therefore the
number of dampers in the model being different for these two loading
conditions was deemed to be acceptable.

Table 1 includes information related to the ATS compensator for the
actuator used in the experimental substructure. Details about the
compensator are presented later in Section 7.

4. Description of natural hazards
4.1. Earthquake

The components RSN802_LOMAP_STGO0O0 and RSN802_LO-
MAP_STGO090 of the 1989 Loma Prieta earthquake ground motions from
the PEER data base [33] that were recorded at the Saratoga Aloha
Avenue station were used for the earthquake RTHS. The uniform hazard
spectra based on the building’s location was calculated and used as the
target spectrum for scaling the ground motions [26]. All ground motion
pairs were scaled by minimizing the error between the geometric mean
of the scaled ground motion and the uniform hazard spectra between the
period range 0.5 to 10 s, with error weights of 10 % for the period range
of 0.5-3 s, 60 % for the period range of 3-7 s, and 30 % for the of period
range 7-10 s in accordance with Moehle et al. [26]. The record had a
low-pass filter with a cutoff frequency of 0.1 Hz applied, ensuring that
the long-period excitation content was included as required for tall
building performance assessment [26]. The acceleration time histories
are shown in Fig. 4(a) and (b), where the scale factor is 1.98 for the MCE
hazard level. The scaled components RSN802_LOMAP_STG0O00 and
RSN802_LOMAP_STGO090 of the record were imposed in the N-S and E-W
directions of the building, respectively. The response spectra of the
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scaled ground motions along with the MCE target hazard spectrum are
shown in Fig. 4(c). The fundamental period of the building in the E-W
and N-S direction are TEW = 4.07 s and TS = 6.71 s, respectively,
where it is evident in Fig. 4(c) that the spectral accelerations in the E-W
direction at a period of T¥" are almost three times that in the N-S di-

rection at T},

4.2. Wind

The 1/150 length scale factor aerodynamic model of the building
was tested in the Wall of Wind FIU wind tunnel to measure wind pres-
sure coefficient time histories. This involved using 336 pressure taps
distributed around the four sides of the model, see Fig. 5(a) and (b). The
wind tunnel’s rotating table (see Fig. 5(a)) was oriented at 45 degrees,
whereby a NE direction of wind with respect to the building’s floor plan
(see Fig. 3) was generated in the wind tunnel when measuring the non-
dimensional pressure coefficients Cp(t).

The wind pressure P,(t) acting on the full-scale building was ob-
tained using P,(t) = 0.5p4;V2:Cy(t), where p;, is the air density of
1.161 Kg/m3, and Vgr  the target mean wind speed at the roof level. Vgr
is determined using the two-step procedure given in Kolay [34] and in

[Wind tungel
 fans

Fig. 5. (a), (b) 1/150 scale aerodynamic model of building placed in wind
tunnel (courtesy of Florida International University).
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Fig. 4. Ground acceleration scaled to the maximum considered earthquake: a) building’s E-W direction; and, b) building’s N-S direction. c) response acceleration
spectrum of each individual ground motion component and target spectrum scaled to the Maximum Considered Earthquake hazard level. (components STG0O00 and

STGO090 are used in the N-S and E-W directions of the building, respectively).
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Simiu and Scanlan [35] in conjunction with a selected basic wind speed.
The non-dimensional pressure time history at each floor level is obtained
by linear interpolation of the pressure time history between pressure
taps in the vertical direction. The pressure is then multiplied by its
tributary area to obtain floor wind loads that include two orthogonal
horizontal and torsional loads. The non-dimensional pressure co-
efficients Cp(t) were measured at a sampling frequency of 520 Hz. The
full -scale prototype time interval for the force time history was deter-
mined by Aty = DU Ar/DssUy;, where Ay is the sampling period of
the wind tunnel test, D /D is the geometric scale of building model for
the wind tunnel test (equal to 150), and Uss/ Uy, is the ratio between the
reference wind speed of the small (Vsp) to the full scale model at the
eave height of the prototype structure for exposure B. The mean wind
speed at the roof of the building (i.e., Us) during the wind tunnel testing
was 64 km/h. The duration of the wind storm for the RTHS was 325 s,
where during the first and last 30 s of the test the wind load was ramped
up and down, respectively. The history of wind pressures were inte-
grated to obtain the history of lateral wind loads in the E-W and N-S
directions and torsional wind loads for each of the 40 floors of the
structure. The time history of the floor wind loads at the 20th, 30th, and
the 40th floors are shown in Fig. 6(a), (b), and (c), respectively.

5. Analytical substructure

The 3-D analytical substructure for the RTHS is shown in Fig. 1(c)
where the model was created using the computer program HyCom-3D
developed by Ricles et al. [36]. The X-Y-Z global coordinate system
for the model is shown in Fig. 1, where the N-S direction coincides with
the X- axis, the E-W direction with the Z- axis, and the Y-axis with the
vertical elevation of the building. The beams and columns of the
building were modeled using linear elastic beam-column elements based
on their member section properties. The moments about their strong axis
at the beam ends adjacent to the columns were released (i.e., the beams
are pin-connected to the columns). The BRBs were modeled using
explicit formulated nonlinear truss elements with the
Giuffré -Menegotto-Pinto material model [37,38]. The core of each BRB
was designed to constrain yielding of the brace to occur was 70 %
member’s length. The remaining 30 % of the BRB’s length is modeled as
rigid to account for the large stiffness of the gusset plates, BRB con-
nections, and column depth. The outrigger truss chord members and
columns were modeled using elastic beam-column elements. The floor
mass is lumped at a lean-on-column located at the center of the floor
plan, which includes the translation and rotational inertia in the plane of
the floor diaphragm due to the distributed floor mass. The lean-on col-
umn is used to account for the P-A effect in the building and gravity
loads are applied to it. The floor mass has a 5 % eccentricity in both
horizontal directions to account for accidental torsion during the
earthquake RTHS, while no mass eccentricity was considered in the case
of the wind RTHS. The reason for incorporating an eccentricity in the
former case was to include torsion in the earthquake RTHS. The wind
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Fig. 6. Measured wind tunnel full-scale time history of wind loading at 20th,
30th floors and roof level; (a) lateral wind loads in the E-W direction; (b) lateral
wind loads in the N-S direction; and, (c) torsional wind loads.
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loading did not require an accidental eccentricity due to the nonuni-
formity of the wind pressures around the circumference that created
torsional wind loading. The mass is shifted towards the NE direction of
the floor plan at each floor level for the earthquake RTHS in order to
induce torsional seismic effects (see Fig. 1(b), where the center of mass is
identified as c.m. and distanced from the center of rigidity that is iden-
tified as c.g.).

The nodes at the base of the building are restrained in all three
translational directions using a pin-ended boundary condition between
the base of the columns and a rigid foundation. A rigid floor diaphragm
was created by placing a master node at the center of mass at each floor
level to which the translational and rotational degrees-of-freedom of the
remaining nodes of the floor are slaved. The earthquake effective forces
and wind loads are applied at the master node of each floor, including
any story torsional loads due to wind. The inherent damping of the
building is modeled using 2 % modal damping for modes 1 through 30
with stiffness proportional damping for modes 31 and beyond. Using
modal damping for nonlinear seismic time history response is consistent
with the recommendation by Chopra and McKenna [39] and Qian et al.,
[40].

The analytical substructure model included 1317 nodes and 3974
degrees of freedom. Because of the large number of degrees of freedom
and the associated computational cost, all elastic elements in the model,
except for the outrigger trusses and outrigger columns, were modeled
using a super element to condense the large number of degrees of
freedom without compromising the ability of the analytical model to
capture the nonlinear behavior of the building that occurred in the BRBs.
The elastic elements which modeled the columns and beams of the
BRBFs were included in the super element. The super element in effect
applied static condensation to the model’s stiffness matrix to reduce the
number of degrees of freedom. Reducing the number of degrees of
freedom reduces the size of the matrices used in the RTHS calculations,
expediting these calculations to be completed within the time step At
and thereby the simulation to be run in real time. The use of the super
element is appropriate because of the following reasons: 1) the beams
and columns are designed to remain elastic when the BRBs yield [26]; 2)
the floor mass is lumped at each floor level, and therefore there is no
need to implement dynamic sub-structuring methods such as the
Craig-Bampton reduction method [41]; and, 3) the translational and
torsional loads are applied at the master node of each floor diaphragm,
whose degrees of freedom are retained. Using the super element reduced
the number of degrees of freedom from 3974 to 1429. The resulting
analytical substructure model had 1080 nonlinear truss elements to
model the BRBs, 44 lean-on column elements to model the lean-on
columns, and one super element to model the remaining members of
the building. The gravity beams between the inner core of the building
and perimeter columns, as well as the perimeter gravity columns, were
excluded in the model.

The super element in HyCom-3D requires the stiffness matrix Kgyper
to be defined. To obtain the stiffness matrix for the super element, the
flexibility for the super element is first formed. This is achieved by
systematically applying individual unit forces to each degree of freedom
of the super element model, with all of the degrees of freedom from
which the retained degrees of freedom NRDOF are sought. Only the
nodal displacements and rotations corresponding to the retained degrees
of freedom for NRDOF load cases are retained to arrive at the condensed
flexibility matrix for the super element. This matrix is then inverted to
obtain Kgper.

The number of degrees of freedom in the analytical substructure
RTHS model, NRDOF, as noted above, is equal to 1429. The final stiff-
ness matrix for the analytical substructure, K of size NRDOF by NRDOF
is obtained by appropriately adding the terms of the stiffness matrices of
the nonlinear truss elements that model the BRBs and the lean-on col-
umn elements to the super element’s stiffness matrix Kgyper. The retained
degrees of freedom about the X and Z axes of the global coordinate
system and rotation about the Y global axis of the slaved nodes at each
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Fig. 7. Real-time hybrid simulation experimental substructure.

floor are constrained to a master node at that floor when generating
Ksyper- The BRB and lean-on column elements, which are connected to
slaved nodes, therefore have their degrees of freedom slaved to the
appropriate master node.

6. Experimental substructure

The experimental substructure consisted of a full scale nonlinear
viscous damper with a 600 kN load capacity and a +125 mm stroke, and
is shown in Fig. 7. The damper is connected to a 1700 kN capacity hy-
draulic actuator through a loading beam resting on a steel roller. The
actuator is ported with three high-flow 2080 Ipm servo-valves that en-
ables a maximum velocity of 1.140 m/sec. to be achieved. A load cell is
placed between the damper and the loading beam in which the
measured load cell reading is related to the restoring force R{,; of the
experimental substructure used to integrate the equations of motion.
The measured load cell reading is a scalar that is multiplied by the
number of dampers at the end of each outrigger truss (i.e., five for the
earthquake and three for the wind RTHS) to simulate the number of
dampers that act in parallel in accordance with the damper layout
configuration shown in Fig. 3(b) and (c), where the result is the exper-
imental substructure restoring force Ry, ;.

The experimental substructure’s damper is located at the 30th floor
in the NW corner for the earthquake RTHS and at the NE corner for the
wind RTHS, as indicated in Fig. 3. It is placed at the location in the
structure where the largest demand is expected to occur during the
earthquake and wind, established from trial numerical simulations. As
discussed below, this is necessary in order to achieve accurate results via
the online model updating, whereby the updating is based on damper
deformations in the numerically modeled dampers that are less than that
of the experimental substructure’s damper.

7. Servo-hydraulic actuator adaptive compensator

As mentioned previously, the second order ATS compensator [25]
was used to compensate for servo-hydraulic actuator delay and ampli-
tude error in the experimental substructure’s actuator during the RTHS.
The ATS compensator consists of three adaptable coefficients ay, a;, and
az that are used to arrive at the actuator compensated command
displacement u, where at time step k:

U = do X + a1, X, + Ao, 17)

The coefficients in Eq. (17) adapt for each time step k during a RTHS
in accordance with the control law described in Chae et al. [25], where
uf, is the prescribed compensated displacement for the servo-hydraulic
actuator that minimizes actuator delay and amplitude error between
the actuator targeted and compensated command motions. In Eq. (17)
X )’c,‘(, and x,i are the target displacement, velocity, and acceleration of
the actuator based on the integration of the equations of motion and
transformed to the actuator extensional degree of freedom for time step
k. The measured actuator displacements, velocities and accelerations are
sampled over a one-second moving window (where a time step size of At
=11/1024 s was used) and a regression analysis performed to arrive at
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the values of the coefficients for time step i that minimizes the error
between the target and measured motions actuator over the moving
window [25]:

1

A= (Xn"Xn) Xn"U. (18)
where A = [ag, aw, axl’, Xm = [x™, %™ XM,  x™ =
{x;('il xm, e x;("fqr, and U, = {uLl u , uiiqr. x™, X",

Xx™are the vector of the measured actuator displacement, velocity, and
accelerations over the moving window of a 1 s width (associated with
the value of q) and U,.is the vector of computed compensated actuator
displacements obtained from Eq. (17) over this moving window. Addi-
tional details of the ATS compensator can be found in Chae et al. [25].
Table 1 lists the configuration of the coefficients ATS for the earthquake
and wind RTHS, which includes the floor and ceiling limit values,
maximum allowable rate of change, initial values, and RMS threshold
that when exceeded triggers the algorithm to adapt the values of the
coefficients within the floor and ceiling limit values.

8. Nonlinear viscous damper online model updating

As noted above, the building in the study reported herein has mul-
tiple nonlinear viscous dampers placed vertically between the end of
each outrigger truss and outrigger perimeter column throughout the
building. These nonlinear viscous dampers, excluding the one modeled
physically, because of the limited number of available physical dampers
are modeled analytically using the explicit non-iterative online updating
model for the nonlinear Maxwell model that appears within the OMU-E-
NLMM block in Fig. 2. A schematic of the nonlinear Maxwell model is
shown in Fig. 8, where the model parameters include an elastic spring of
stiffness K4, a dashpot with a coefficient value of Cgq and velocity
exponent a. The explicit non-iterative online updating model for the
nonlinear Maxwell model is based on the Explicit Nonlinear Maxwell
Model (E-NLMM) developed by the authors [42] and is given by:

1

fdk\l :fdk _KdAt ’fd_k aSign(fdk> +Kd(udk.1 - udk) (19)

Cq

In Eq. (19) f; and uy4 are the damper force and deformation, respec-
tively, with the subscript k and k+1 associated with time step k and k+1,
respectively, and At is the time step size.

The unscented Kalman filter [43] in its constrained form [44-46] is
used to identify the damper model parameters in real-time during the
RTHS. The constrained unscented Kalman filter (CUKF) has low
computational effort, which is beneficial in a RTHS, since it does not
require the determination of the Jacobian [47]. The model parameters
for the E-NLMM are state variables, requiring a total of 7 sigma points
for the CUKF. The CUKEF is used to ensure that the sigma points of the
UKF remain within a desired range to avoid divergence of the parame-
ters, which would result in poor estimates for the damper force f; which
are excessively large and which can cause the RTHS to become unstable.
It was found that the floor and ceiling values for the CUKF that pre-
vented instabilities in the RTHS were 0.2 and 2.0 times the initial mean
value of each parameter Ky, C49, and op. The initial mean values for the
parameters were determined by performing characterization testing on
the damper using the experimental setup described in Section 6, where
the damper was subjected to a 75mm amplitude sinusoidal

Spring stiffness, Ky
/ Damper force, fy

0 —
Damper deformation, ugy

Dashpot coefficient, Cy
and velocity exponent o

Fig. 8. Nonlinear Maxwell model.
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Table 2
Identified parameters of the nonlinear Maxwell model (E-NLMM).
Displacement Frequency Spring Dashpot Velocity
amplitude (mm) range (Hz) stiffness coefficient Cgg exponent
Kgo (kN/m)  (kN-(sec/m)%) o
75 0.25- 1.02E5 708 0.457
1.00 Hz

displacement with a frequency range of 0.25 to 1.0 Hz. Values for Ky,
Cq0, and o were identified using Particle Swarm Optimization [48], and
are given below in Table 2. The spring stiffness Kyo is seen to be six
orders of magnitude larger than the velocity exponent ag, which can lead
to an ill-conditioned covariance matrix for the state variables during the
model updating. This is discussed further below.

In the CUKF the initial values of the mean state variables Xy_qjx—o =

[Kdo Cao ao]T need to be specified, along with the 3x3 process noise

covariance matrix Q, the measurement noise covariance R, and the

3x3 covariance matrix  Py_gj—o for the state variables. Weights Wj(m>
and W}c) for each sigma point associated with the mean and covariance
are predefined [49], where:

W =1 / (L+2) (20)

Wy =4/ (L+2)+(1-a*+p) 1)

wm w9 -1 i o (22)
i i T (2L+24)°

In Eq. (22) L = 3, which is the dimension of the state variables vector;
A =p*({L+x)—L and is a scaling parameter, where p determines the
spread of the sigma points about their mean and is set to a small positive
value, and « is a secondary scaling parameter. § in Eq. (21) is used to
incorporate prior knowledge of the distribution of the sigma points. y, «,
and f are assigned the values of 1E-3, 0, and 2 respectively, in accor-
dance with Wan and van der Merwe [49].
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X1 = ZzL W;m) * (xk\k—l)j (25)

(j=0

- R T
PI):\Xk—l = Z;iOMC) * (((xk\k—l)j — Xkjk-1 ) ((xk\k—l)j — Xklk-1 ) > +Q
(26)

wherej = {0, ..., 6}, and is the column index of the sigma points matrix.
Step3 : Predict the force Yy, and update the covariance P,’g;(_l for
the predicted force of the nonlinear viscous damper residing in the

experimental substructure,

()'k\k—l)j = h{ (xk\k—l)j7 Yi-1, Ug, Uq, At} (27)

Vi = ij:ovv}m)*()'k\k—l)j (28)
2

Pia = ij:LOW;C) * ((yk|k—1)j - ?k) +R (29

T
where (xk‘k,l)j = [dekfl Cap s ak‘k,l]j , h{ e} is the nonlinear

measurement function (Eq. (19)), ¥,_; is the predicted damper force
from the previous time step, and ug, and ug4, , are the experimental
substructure’s measured nonlinear viscous damper deformations for
time step k and k-1, respectively. Both uy4_, and y,_, are initialized to
zero.

Step 4: Calculate the Kalman gain vector Ky

-1
K= P+ (PR, (30)

where

P, = Z].ZZLOW}C) * ((xk\k—l)j — Xig1 ) ((.yk\k—l) - J7k> (31)

J

Step5 : Predict the new state vector Xy and covariance matrix Py

For each time step k of the RTHS, where k = 1...N, the CUKF Xk = X1 + K (Ve — i) (32)
performs the following steps:

Step 1: Define the matrix of sigma points x;_;_; having 3 rows and P =P, — Kkp;:{,(i K7 (33)
(2n+1) columns, where n = 3,
Xi_1jke1 = |Xko1k—1  Xko1jk—1 + (? L+ A)Pr_1jk-1 )H as Xi1jk-1 — (? L+ AP 1k )H 23} (23)

where i denotes the column index of the positive definite covariance
matrix Pj_j—1. The covariance matrix in the CUKF is scaled by ¥ € (O,
1) to enforce the constraint that the sigma points remain within their
specified bounds. The value of 7 is initialized at 1.0 and the sigma points
Xr_1k—1 are computed from Eq. (23). If any of the sigma points fall
outside their bounds (i.e., are either less than the floor value or greater
than the ceiling value) then the value of ¥ is decreased incrementally
with a value of 0.1 until all of the sigma points are within their bounds.
Note that the calculation of /(L + 1)Py_1y_; requires that Py_yj_; be a
semi-positive definite matrix, which is discussed more later.

Step 2: Predict the state vector X1 and update the covariance
matrix k";fl for the state variables

Xik-1 = Xk—1[k-1 24

where ¥, is the measured nonlinear viscous damper force from the
experimental substructure. Xy is used at each time step to update the E-
NLMM parameters and compute the damper force fy, , via Eq. (19) for
the numerically modelled nonlinear viscous dampers of the analytical
substructure.

The online model updating algorithm parameters used herein are
based on a measurement noise standard deviation value of 8 kN, and a
normalized process noise for the state variables equal to N = 0.005 for
the earthquake and oN = 0.0001 for the wind RTHS, where Q =
diag(oN[Kgq, Cao o] )2. The normalization is performed with respect

to the initial value for each state variable Xx_ox—0 = [Kg, Cao ao}T,
with Kg,, C4o and ao given in Table 2. The oN values for the normali-
zation process noise were determined from a sensitivity analysis, where
they resulted in the smallest normalized RMS error (NRMSE) between
the predicted and actual damper force. The measurement noise was
established from assessing load cell measurements for at-rest laboratory
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conditions of the load cell used to measure the experimental sub-
structure’s damper force. The noise covariance matrix  Q is based on
the assumption that the state variables are uncorrelated, and therefore is
a diagonal matrix. It was found that assigning the values for the initial
covariance matrix Po|p equal to the initial values for Q produced accu-
rate results. It should be noted that the standard deviation for mea-
surement noise will depend on the load cell used to measure the damper
force and the precision of the data acquisition system. Hence, a user
should be cautioned to calibrate the value for R for their experimental
substructure setup.

The covariance matrix Py_jx_; must remain semi-positive definite
throughout the RTHS, otherwise it will cause the RTHS to terminate
since Eq. (23) will result in a complex set of numbers for xx_jj_1-
Py_1k_1 is prone to becoming ill conditioned since the value for the state
variable for the spring stiffness Kq, is six orders of magnitude larger
than the velocity exponent ag, as noted above. This barrier was over-
come by shifting any negative eigenvalues of Px_;x_; to the eigenvalues
of the nearest positive-definite matrix using the procedure of Higham
[50]. It was found that round-off error associated with reconstructing a
semi-positive-definite matrix form of Py_;x_; may cause some of the
eigenvalues to become negative [51], thereby resulting in Px_j;_1 not
being a semi-positive definite matrix. Therefore, any negative eigen-
values of the reconstructed Py_;x_; were shifted to the positive side of
the real-axis by ¢ = 10 ~!1, where this value for ¢ for was found by
numerical experimentation to be the minimum value to ensure that
Py_1x—1 was semi-positive definite. The computer precision of the cal-
culations performed during the RTHS is that associated with a computer
with a 64-bit operating system. The procedure to ensure a semi-positive
definite covariance matrix Px_ij_; is given below in Fig. 9, where the
resulting P_1x_1 is used in Eq. (22) of Step 1 presented above. Note that
Ppsp_¢ appearing in Fig. 9 is the last semi-positive definite covariance
matrix computed, where the initial value for Ppsp ¢ is equal to Pyo.

9. RTHS integrated control architecture: description and
assessment

The RTHS were performed using the integrated control architecture
shown in Fig. 10. It includes a data acquisition system (labeled DAQ),
xPC target computer, servo-hydraulic controller, instrumentation and
sensors, and SCRAMNet GT. SCRAMNET GT provides reflective memory
with a communication speed between the workstations of 90 nsec to
enable real-time data sharing. Synchronization is maintained on
SCRAMNet GT among the workstations at the real-time control rate of
1024 Hz. The DAQ system has 16-bit precision and acquires data at a
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Fig. 10. RTHS integrated control architecture.

scan rate of 4096 Hz. The xPC has a target real-time operating system
developed by Mathworks [52] with an Intel Core 3.6 GHz, 8-core CPU
and 8GB of memory. Simulink [52] is used to design a
model-in-the-loop system that includes the analytical substructure,
on-line model updating algorithm, integration algorithm, and the
actuator adaptive compensator that is compiled and loaded onto the
xPC. The servo-hydraulic controller is a digital controller that has pro-
grammable clock speeds of 1024 Hz and 2048 Hz, where the former was
used for the RTHS reported herein. The actuator adaptive compensator
functions as an outer loop to the closed loop PID controller that resides
on the servo-hydraulic controller. The actuator adaptive compensator
receives feedback actuator motion measurement data from the
servo-hydraulic controller over SCRAMNet GT, and the compensated
actuator commands for the next time step are sent from the xPC target
computer back to the servo-hydraulic controller via SCRAMNet GT. The
damper load cell readings are acquired by the data acquisition system
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Fig. 11. Transfer system frequency response function from actuator command
displacement to measured displacement.
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Fig. 9. Procedure to ensure positive definite covariance Py_jjx_1
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matrix during a RTHS.
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and fed by SCRAMNet GT to the xPC target computer, where the on-line
model updating algorithm updates the damper model parameters for the
numerically modeled dampers of the analytical substructure.

The performance of the transfer system and IT architecture for the
RTHS was assessed over a range of frequencies in order to evaluate the
dynamic behavior of the experimental substructure and the latency in
the integrated control architecture. The assessment involved deter-
mining experimentally the frequency response function (FRF) from the
actuator target command displacement generated by the xPC target
computer to the measured actuator displacement that was fedback to the
xPC target computer. The input excitation consisted of band-limited
white noise with a frequency range of 0 to 10 Hz and amplitude of
5 mm. Data was recorded at a rate of 1024 Hz over a 45 s duration, and
the FRF was calculated using 46080 Fast Fourier Transform (FFT) points
with a Hanning windowing with 50 % overlap and 5 averages. The FRF
of the system appears in Fig. 11. The FRF has a magnitude in the range of
0.994 to 1.017 with a mean of 0.997 over the frequency range of 0 to
10 Hz. The phase plot was used to establish the time delay in the system
as a function of frequency, and is included in Fig. 11. It was found that
the average time lag delay over the frequency range of 0 to 10 Hz was
0.24 msec. The delay is considerable smaller than the 11/1024 s time
step size and should not affect the RTHS, and for all practical purposes
the actuator control is considered to be accurately achieved and in real-
time. The natural frequencies of the structure that participated in the
response during the RTHS are less than 1 Hz (to be discussed in Section
10), and thus the selection of the frequency range of 0 to 10 Hz for the
band-limited white noise test is appropriate. The results for the FRF
therefore imply that there is no dynamic resonance from natural fre-
quencies in the experimental substructure’s test setup over the 0 to
10 Hz frequency range, that the minimal observed time lag delay in the
system implies that no latency exists in the IT architecture, and that
exceptional actuator control is expected to be achieved during a RTHS. A
further assessment of the adaptive actuator compensation during the
RTHS is presented in Section 11.

10. RTHS results
10.1. Building floor displacements and accelerations

The recast integration algorithm, combined with the use of the super
element enabled the RTHS of a nonlinear 3D model of the tall building to
be successfully completed, where there were no delays observed in
completing the algorithm’s calculations in real-time. The time history
for the roof lateral displacements at the master node are shown in
Fig. 12. All results reported in this section are located at the center of
floor mass (i.e., the location where the floor mass is lumped at a 5 %
eccentricity in both translational directions in the case of the earthquake
RTHS, and at the centerline of the floor plan for the wind RTHS). Lateral
displacements are reported since they are associated with potential
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Fig. 13. Roof acceleration during the real-time hybrid simulation under wind
load (E-W and N-S accelerations are plotted to different scales for clarity).

structural damage due to story drift and P-A effects, and therefore of
interest to structural design engineers and researchers. Accelerations
developed in tall buildings under wind loading are of concern because
they cause discomfort to the occupants and therefore the performance
objectives of the building’s design are not met. Consequently, roof ac-
celerations developed during the wind RTHS are included in the pre-
sentation of the RTHS results, and appear in Fig. 13 at the master node.

The history of roof displacements shown in Fig. 12(a) for the
earthquake RTHS shows evidence of residual displacement and twist at
the end of the simulation in both the E-W and N-S directions. This re-
sidual displacement is caused by inelastic response that developed in the
BRBs during the earthquake RTHS, and is discussed later. For the wind
RTHS there is no evidence of residual displacements or twist at the end
of the time histories plotted in Fig. 12(b), while dynamics oscillations
are seen to occur during the simulation. An examination of the element
states of the analytical substructure model for the wind RTHS indicated
that the structure remained elastic while the dampers exhibited
nonlinear behavior during the simulation.
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Fig. 14. Roof displacement orbits for (a) earthquake RTHS, and (b) wind RTHS.
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Fig. 12. Roof displacement time histories for (a) earthquake RTHS, and (b) wind RTHS (wind RTHS E-W and N-S displacements are plotted to different scales

for clarity).
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In addition to the dynamic oscillations from gusts, Fig. 12(b) implies
that the building has a static component of displacement and twist occur
during the wind RTHS. Due to the load path for the dampers residing in
only the N-S direction of the outriggers, the nonlinear viscous dampers
contribute to damping the dynamic oscillations in the plane of the
outrigger system. They however do not resist the static component of the
applied wind loads, that when combined with the lower stiffness in the
N-S direction and larger wind exposure results in noticeable higher roof
displacements in the N-S direction compared to the E-W direction. The
cross wind effects and nonuniform wind gust pressures around the
circumference of the building’s floor plan are evident in the roof ac-
celeration time histories given in Fig. 13, where there is noticeable roof
translational and torsional accelerations that develop in the building
during the wind RTHS. The effects of torsional accelerations can lead to
greater translational acceleration resultants along the perimeter of the
floor plan due to the effect of combined transactional and rotational
accelerations at the master node. This phenomenon will be discussed
more later.

The orbits of the roof displacement are shown in Fig. 14, where the E-
W displacements are plotted against the N-S displacements for the
earthquake and wind RTHS. The start and end points for each orbit are
noted in the figure. It can be seen that the building does not develop a
cyclically symmetric displacement response during the earthquake
RTHS where there is a residual roof displacement at the end of the
simulation, consistent with the results shown in Fig. 13(a). The static
wind drift is apparent in Fig. 14(b) in the direction of the wind (i.e., in
the NE direction), in addition to dynamic oscillations caused by the
cross-wind effect and gust during the wind RTHS. Additionally, there is
no residual roof displacement at the end of the wind RTHS, indicating
elastic response of the structural system under wind.

The peak story displacements along the height of the building are
shown in Fig. 15 for the earthquake and wind RTHS. The peak story
displacements are larger in the E-W direction compared to the N-S di-
rection over the height of the building under the earthquake, but are
vise-versa under the wind RTHS. As noted above, the dampers in the
building do not have the ability to resist the static component of the
wind, and when combined with a larger wind exposure and lower lateral
stiffness in the N-S direction, leads to a larger displacement in the N-S
direction compared to the E-W direction under the wind loading. Under
the earthquake loading, the damped outriggers contribute to reducing
the motions in the N-S direction. Twist occurs over the height of the
building during both the earthquake RTHS and the wind RTHS.
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10.2. Buckling restrained brace response

As noted above in the earthquake RTHS, only the BRBs developed
inelastic response. Shown in Fig. 16 are the axial force-deformation
hysteretic responses of selected BRB’s at the 8th story. The 8th story is
the location where the maximum BRB ductility demand occurred in the
structure in the N-S (BRBF 1) and E-W (BRBF 3) directions. All of the
remaining members except for the BRBs had deformations that were less
than their yield deformations, and hence modeling them as linear elastic
members is justified. For the wind RTHS, all of the members including
the BRBs remained elastic. The peak BRB ductility over the height of the
building is shown in Fig. 17 for BRBFs identified as 1, 2, 3, and 4 in the
building’s floor plan given in Fig. 1(b). BRBFs 1 and 2 are in the column
line at the west and east ends of the floor plan and are part of the
outrigger systems that resist lateral loads in the N-S direction. These two
BRBFs have the furthest distance of all of the BRBFs from the center of
rigidity of the building’s floor plan (located at the center of the floor plan
since the building is symmetric in plan), and hence are most susceptible
to torsional effects. The torsional demand led to a difference in the
ductility demand of these two BRBFs, as seen in Fig. 17(a). The ductility
demand is higher in the E-W direction (Fig. 17(b)) compared to the N-S
direction (Fig. 17(a)), and is explained by the fact that the spectral ac-
celerations are larger in the E-W direction, as noted previously, where
the fundamental period is T¥" = 4.07 s compared to T¥" = 6.71 s in
the N-S direction (see Fig. 4(c)). The ductility demand in BRBFs 3 and 4,
which resist lateral load in the E-W direction, also differ because of
torsional effects.

The peak floor translational and angular accelerations along the
height of the building from the wind RTHS are shown in Fig. 18. The
results in Fig. 18(a) and (b) are associated with the center of gravity of
the building (i.e., center of the floor plan for the wind loading RTHS),
and Fig. 18(c) compares the maximum acceleration resultant at the
center of the floor plan with the maximum resultant among the four
corners of the building. The peak floor accelerations at the 20th, 30th,
and 40th floors are tabulated in Table 3, where they are compared to the
peak magnitude of the floor acceleration resultant among the four cor-
ners of the building.

10.3. Effect of building twist on peak floor wind accelerations
The resultant of the peak accelerations among all of the corners of the

building in Fig. 18(c) and Table 3 are shown to be greater than that at
the center of the floor plan (marked as c.g. in Fig. 18(c)). The increase in
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Fig. 15. Peak floor displacement along height of building: (a) peak displacement in N-S and E-W directions under earthquake; (b) peak twist about Y-axis under
earthquake; (c) peak floor displacement in N-S and E-W directions under wind; and, (d) peak floor twist about the Y-axis under wind.

12



S. Al-Subaihawi et al.

gth Story N-S BRB Hysteretic Response

= 5000
3 (a)
[0}
[&]
5 9 ﬁ
L
[
x
<C -5000
-0.015 0 0.03 0.06

Axial Deformation (m)

Axial Force (kN)

Engineering Structures 315 (2024) 118348

008”‘ Story E-W BRB Hysteretic Response

50
(b)
I/ %
0 !
-5000 :
-0.015 0 0.03 0.06

Axial Deformation (m)

Fig. 16. BRB force-deformation response under earthquake RTHS in (a) N-S and (b) E-W directions in BRBFs 1 and 3 identified in Fig. 1(b).
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BRBF floor plan layout).

the acceleration resultant at the corners of the building is shown in
Fig. 18(d). The increase in acceleration at the corners of the floor plan is
associated with multi-axis response where the angular and translational
accelerations develop in the structure. This indicates the need to
consider a 3-D model and account for angular accelerations in deter-
mining the resultant translational accelerations throughout the floor
plan and over the height of a building, since the results at the center of
gravity and at the corners of the floor plan can have a considerable
difference. For example, Table 3 shows the peak acceleration resultant
increase by 18.2 % from 24.1 milli-g at the center of the floor to 28.5
milli-g at the corner of the 40th floor, whereas this increase is 47.4 % at
the 20th floor. Note that large percent increases near the ground floor
level are associated with a small acceleration resultant at the center of
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gravity, and are not as meaningful as that in the upper floors.

10.4. Nonlinear viscous damper response

The measured force-deformation response of the experimental sub-
structure’s damper under the earthquake and wind RTHS is shown in
Fig. 19 for one damper (labeled Measured). As noted previously, the
experimental damper corresponds to the NW corner of the 30th story
during the earthquake RTHS and the NE corner of the 30th story during
the wind RTHS (see Fig. 3). The results are plotted using a different set of
scales in order to better illustrate the damper’s response for the earth-
quake and wind RTHS. The damper force-velocity response is given in
Fig. 20 for the earthquake and wind RTHS. The results in Fig. 20(a) and
(b) are plotted using a different set of scales in order to better illustrate
the damper’s response for the earthquake and wind RTHS. The damper
response under earthquake loading in Figs. 19 and 20 show a capping of
its force which occurs at the larger velocities and is characteristic of
nonlinear viscous dampers. In addition, the damper force-deformation
hysteretic response from the earthquake RTHS is more centered about
the origin than the response under wind. The response under wind has a

Table 3
Peak of resultant floor acceleration at the center and corner of floor plan,
respectively.

Case Peak floor acceleration (milli-g)

20th floor 30th floor 40th floor
c.g. 11.8 19.3 24.1
Corner 17.4 23.0 28.5
Increase (%) 47.4 19.1 18.2
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Fig. 18. Wind RTHS: (a), (b) peak floor accelerations over height of the building; (c) peak resultant accelerations at center and corner of floor plan; and (d) ac-

celeration resultant increase at corners of floor plan.
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lower level of force due to smaller velocities that develop in the damper,
where the damper appears to respond more like a linear viscous damper
having elliptical-like shaped hysteresis loops in Fig. 19(b) and a fairly
linear trend in the force-velocity response shown in Fig. 20(b). The drift
in the damper deformation in Fig. 19(b) is associated with the static
component of the wind loading during the ramping up of the wind
loading, about which the damper’s motion oscillates under the gust
loading before returning towards the origin during the ramping down of
the wind loading.

The Measured results are compared to the force prediction for the
experimental substructure damper force in Fig. 19(a) and (b) using the
updated values for the model parameters Xy from Eq. (32) of the OMU-
E-NLMM algorithm, where the RMSE between the measured results and
predicted (i.e., OMU-E-NLMM) is 1.29 % and 2.42 % for the earthquake
and wind RTHS, respectively. These NMRSE values and the plotted
hysteretic response shown in Fig. 19(a) and (b) exhibit excellent
agreement between the measured damper force and the predicted
damper force of the experimental substructure for both the earthquake
and wind RTHS. Further discussion about the accuracy of the OMU-E-
NLMM is given later related to the other dampers that were

20 60
(a) Earthquake (b) Wind
£ £
E® Ea0
S 8
R =
= 520
€ 5 S
< <
0 S— 0
0 025 05 075 1 0 025 05 075 1

Frequency (Hz)

Frequency (Hz)

Fig. 21. Frequency decomposition of measured damper deformation in
experimental substructure during the RTHS: (a) earthquake; and( b) wind.
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and (b) wind RTHS (note: earthquake and wind RTHS results are plotted at

Table 4
Modal frequencies from linear eigenvalue analysis.

RTHS building model Modal frequency, f (Hz)

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Earthquake 0.149 0.213 0.246 0.570 0.685
Wind 0.150 0.214 0.241 0.585 0.683

numerically modeled in the building.

The frequency decomposition of the damper measured deformations
is shown in Fig. 21. The damper deformations are those measured in the
experimental substructure. It is evident from the peaks in the Fourier
amplitudes in this figure that there is a greater amount of higher fre-
quency content in the damper deformation response for the earthquake
RTHS compared to the wind RTHS. Under both the earthquake and wind
RTHS there is an appreciable amount of response with a frequency close
to zero. For the earthquake RTHS this is due to the inelastic response that
occurred in the structure that led to a gradual drifting in the de-
formations of the damper from the initial position associated with the
residual drift in the building. For the wind RTHS this is associated with
the static component of drift that occurs in the damper, where there is
oscillation about an offset as discussed previously, see Fig. 19(b).

A summary of the first-five modal frequencies for the building from a
linear eigenvalue analysis is given in Table 4. To perform the eigenvalue
analysis, it was necessary to linearize the nonlinear viscous dampers
using the procedure described in Al-Subaihawi [42] and Kolay and
Ricles [32]. Modes 1 through 5 of the earthquake RTHS building model
with an eccentric mass are: (1) first translational mode in the N-S di-
rection combined with torsion and associated with the natural period
T5; (2) first predominantly torsional mode; (3) first translational mode
in the E-W direction combined with torsion and associated with the
natural period wa; (4) second translational mode in the N-S direction
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combined with torsion; and (5) second translational mode in the E-W
direction combined with torsion. For the wind RTHS building model
with a concentric mass modes 1 through 5 are: (1) first translational
mode in the N-S direction; (2) first torsional mode; (3) first translational
mode in the E-W direction; (4) second translational mode in the N-S
direction; and (5) second translational mode in the E-W direction
combined with torsion. Table 4 indicates that the modal frequencies of
the two models are similar. These frequencies are identified in Fig. 21.
The values are not precise frequencies of modal vibration since in the
earthquake RTHS the structure developed inelastic response. In addi-
tion, both for the earthquake and wind models the dampers are linear-
ized at the fundamental natural frequency of the building. While the
modal frequencies are not precise values, their position in Fig. 21 gives
some indication of which modes likely contributed to the deformation
history of the physical damper positioned on the 30th story at the NW
corner (earthquake RTHS) and the NE corner (wind RTHS). Modes 1
through 5 all appear to have contributed to the damper deformations
during the earthquake RTHS. The warping torsion mentioned previously
results in torsional motions of the building creating deformations in the
dampers, and hence all of these modes contribute. For the wind RTHS,
where there is no coupling between torsion and translation due to the
concentric placement of the floor mass in the wind RTHS model, and
damper deformations appear to be primarily associated with the first
mode.

11. RTHS actuator control assessment

As mentioned previously, the ATS compensator developed by Chae
et al. [25] is used to compensate for actuator time delay and amplitude
error. The settings for the ATS coefficients in the RTHS involving the two
natural hazards are tabulated in Table 1 and based on the recommen-
dations of Kolay et al. [34] for 2D RTHS. The ATS modifies the command
displacement to the actuator in order to reduce both the amplitude and
delay errors that are inherent in the servo-hydraulic system. The syn-
chronized subspace plots of the target and measured displacements of
the experimental damper during the RTHS are shown in Fig. 22(a) and
(b). The plots show a slope close to 45 degrees with minimal hysteresis,
where the NRMSE is 0.13 % and 0.04 % during the earthquake and wind
RTHS, respectively. These results indicate accurate actuator control was
achieved during the RTHS.

The time histories of the ATS adaptive coefficients for the actuator
are shown in Fig. 22(c) and (d) for the earthquake and wind RTHS. The
values of the coefficients give an indication of the correction that took

place for actuator amplitude error Ay and delay compensation 7,  at
each time step k of the RTHS, where
1 a
Ak - T = Sk (343, b)
Qo k Qo k

The results in Fig. 22(c) show that A, ranged from 0.98 to 1.02 in the
earthquake RTHS. The value for a, was fixed at 1.0 for the wind RTHS
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since no amplitude error was found to occur and therefore no compen-
sation for amplitude error was necessary, see Fig. 22(d). The compen-
sated delay r,was found to range from 13 msec to 25 msec for the
earthquake RTHS (Fig. 22(c)) and from 9 msec to 27 msec for the wind
RTHS (Fig. 22(d). The amount of compensated delay exceeds the time
step of 11/1024 s, and without the use of the adaptive compensation the
RTHS results would have been unreliable and the test potentially un-
stable since delay introduces negative damping into an integration al-
gorithm [34]. The actual delay that was found in the RTHS by
comparing the histories of measured against targeted actuator
displacement had a maximum value of 1 msec, which is close to the
average time lag delay of 0.24 msec calculated from the phase plot in
Section 9.

The damper velocity-damper force relationship for the earthquake
and wind RTHS were shown previously in Fig. 20. In Fig. 20 the
earthquake RTHS is seen to impose larger forces and velocities on the
damper than that for the wind RTHS. Additionally, the damper is seen to
develop a greater degree of nonlinearity in the force-velocity during the
earthquake RTHS compared to the wind RTHS. Consequently, the ATS
compensator was required to exert more effort in the actuator tracking
due to the greater extent of dynamic interaction between the hydraulic
actuator and nonlinear viscous damper during the earthquake RTHS.
This is reflected in the fact that the coefficients for displacement ag , and
acceleration as  in the ATS compensator algorithm (see Eq. (17)) were
required to undergo continuous change and the history of the value for
the coefficient for velocity a;; in Fig. 22 shows a greater variation
during the earthquake RTHS compared to the wind RTHS in order to
maintain accurate control of the actuator.

12. Nonlinear viscous damper on-line model updating
assessment

The histories of the adaptation of the damper model parameters K,
Cg, and « that were identified by the OMU-E-NLMM algorithm during
the earthquake RTHS and wind RTHS are shown in Fig. 23. These results
represent the histories of the updated model parameters associated with
the state vector Xy determined by Eq. (32) that were used in the
remaining numerically modeled dampers throughout the building. The
values for K40, Cqo, and a are normalized by their initial values (K, Cqo,
ap) in Fig. 23, and are shown to vary from their initial values over the
course of the RTHS. There is a different trend in the variation of the
coefficients for the earthquake compared to the wind RTHS. With the
exception of Ky, there is a greater variation in the values of the co-
efficients Cy and a from their initial values for the earthquake RTHS
compared to the wind RTHS.

It was found that the online model updating procedure failed if the
procedure given in Fig. 9 was not used which ensured that the covari-
ance matrix for the state variables, Py , remained positive definite.
Consequently, the real-time hybrid simulation had to be terminated
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Fig. 22. Synchronized subspace plots of target and measured actuator displacements for (a) earthquake RTHS and (b) wind RTHS; time history of ATS coefficients for
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Fig. 23. Identified damper model parameters during earthquake RTHS (a, b, and c); wind RTHS (d, e, and f).

Table 5
NRMSE between RTHS and Post RTHS Measured damper forces.

Hazard Damper Force NRMSE Error (%)
40 NW 40 NE 40 SW 40 SE 30 NW 30 NE 30 SW 30 SE 20 NW 20 NE 20 SW 20 SE
EQ 2.20 4.60 2.63 3.22 1.55 2.37 2.19 3.29 2.25 3.26
Wind 2.81 2.36 2.47 2.63 2.69 2.77 2.51 3.21 3.26 3.10 3.26
prematurely. reasonable prediction to be made of the damper behavior in the

Following the completion of the RTHS the damper deformation
history from the RTHS of each numerically modeled damper was
imposed onto the physical damper in the experimental substructure and
the damper force was measured. The former is referred to as the RTHS
and the latter as the Post RTHS Measured damper forces. The NRMSE was
then computed based on the error between the RTHS and the Post RTHS
Measured damper forces. The comparison enables an assessment of the
accuracy of the online model updating algorithm (OMU-E-NLMM) in
predicting the force response of the numerically modeled dampers
throughout the building during a RTHS. The results are shown in
Table 5, where the location of the dampers is identified by the story and
corner of the building of the floor plan (see Fig. 3).

The results in Table 5 have an NRMSE between the RTHS and Post
RTHS Measured damper forces that ranges from 1.55 % (30th story, SW
corner) to 4.60 % (40th story, NE corner) for the earthquake RTHS, and
from 2.36 % (40th story, NE corner) to 3.26 % (20th story, NE and SE
corners) for the wind RTHS. The earthquake RTHS has a higher NRMSE
among the dampers compared to the wind RTHS, and is explained by the
fact that in the earthquake RTHS there is a greater velocity and defor-
mation demand imposed on the dampers and therefore larger force
output which leads to larger error in the OMU-E-NLMM based predicted
force. In addition, there is a greater degree of higher mode participation
in the damper deformation during the earthquake RTHS, as discussed
before (see Fig. 21), where the dampers are not completely in phase.
This effects the accuracy in applying updated model parameters to
dampers that have a different velocity than the experimental sub-
structure’s damper. The forces developed in the dampers during the
earthquake RTHS were as much as five times larger than that during the
wind RTHS (e.g., see Fig. 19). Nonetheless, the RTHS hysteretic response
appears to agree well with the Post RTHS Measured response for each
damper, implying that the OMU-E-NLMM algorithm enabled a

Table 6

numerically modeled dampers throughout the building during the
RTHS.

The Post RTHS damper forces are compared in Table 6 with the
damper forces predicted using constant parameters values of Xy_g—o in
the E-NLMM, where the latter is referred to as RHTS Constant Parameters.
The RHTS Constant Parameters damper forces are computed using the
damper deformations from the RTHS applied to the E-NLMM. When
comparing the results in Table 6 to those in Table 5, it is apparent that
there is an increase in the NRMSE for the damper force when constant
parameters are used to model the nonlinear viscous dampers, more
notably for the wind RTHS.
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Fig. 24. Steady state response of the building during RTHS half-power method
tests: a) steady state roof displacement in N-S direction; and, b) steady state roof
twist about the Y-axis.

NRMSE between RTHS Constant Parameters and Post RTHS Measured damper forces.

Hazard Damper Force NRMSE Error (%)

40 NW 40 NE 40 SW 40 SE 30 NW 30 NE 30 SW 30 SE 20 NW 20 NE 20 SW 20 SE
EQ 3.45 4.28 2.97 3.23 2.85 2.57 2.85 2.85 3.46 2.96 3.13
Wind 7.08 7.39 6.81 7.56 7.30 7.15 6.78 7.23 7.66 7.49 7.70
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13. Measurement of system equivalent supplemental viscous
damping

Additional RTHS were performed to experimentally determine the
amount of supplemental viscous damping provided by the dampers
using the half-power bandwidth method (HPB) [53]. In these RTHS the
model of the building for the wind RTHS was subjected to constant
amplitude hormonic loading at the center of the roof floor plan at
multiple frequencies around the anticipated damped natural frequency
of the system. A translational load was applied in the N-S direction to
excite the first mode and a torsional load about the Y-axis to excite the
second mode. The load is of small amplitude in order to keep the
building elastic. The floor mass was not assigned any eccentricity in the
HBP tests, and three parallel dampers were placed between each
outrigger truss and perimeter column as shown in Fig. 3(c) to be
consistent with the wind RTHS results. Hence, the amount of equivalent
damping is associated with the structure in the wind RTHS. The cyclic
loading for the HPB RTHS included two ramping up cycles, ten cycles
with constant amplitude, and three ramping down cycles. The peak
displacement amplitude of the damper during the RTHS HPB tests was
around 25 mm to match the amplitude of damper oscillations from the
offset observed during the wind RTHS, as shown in Fig. 19(b).

The steady state amplitude of roof displacement and twist are shown
in Fig. 24. Only the translation in the N-S direction (Fig. 24(a)), and twist
about the Y-axis (Fig. 24(b)) are considered, which as explained in
Section 2 of the paper the orientation of the outrigger trusses and load
paths to the BRBFs leads to minimal damper deformation under loading
in the E-W direction, and therefore RTHS with E-W loading are excluded
from the HPB tests. An examination of the mode shapes of the model
revealed that axial deformations develop in the dampers for modes with
torsional motions, where this phenomenon is associated with warping
torsion discussed previously in Section 10. The measured damping for
the first translational mode in the N-S direction &; y_s was found to be
10.4 %, and for the first torsional mode about the Y-axis &,y y was
7.5 %. The damping is estimated from Fig. 24 using & = (fy — fa)/2fn,
where f;, and f, are the two frequencies that intersect the HPB curve at
1/+/2 the resonance amplitude, and f;, is the resonance frequency [53].
The resonance frequencies were found to be 0.157 Hz and 0.214 Hz and
represent the respective frequencies for the first-two modes for the wind
RTHS building model. These measured values are close to that from the
linear eigenvalue analysis results reported in Table 4 for the wind RTHS
building model. Recall that the analytical substructure included 2 %
inherent modal damping for modes 1 through 30, therefore the identi-
fied damping for & y_sand &y y  are reduced by 2 %, leading to the
supplemental damping ratios of 8.4 % and 5.5 % for the first trans-
lational and torsional modes, respectively, associated with adding the
dampers to the system.

14. Summary and conclusions

A framework for performing 3-D RTHS of a tall building based on a
reformulated MKR-a explicit unconditionally stable integration algo-
rithm is presented and used to conduct simulations. The analytical
substructure consisted of a 3-D nonlinear model of the building while the
experimental substructure consisted of a full-scale nonlinear viscous
damper. The remaining dampers in the building are modeled using an
explicit-based non-iterative nonlinear Maxwell model with a real-time
online model updating approach. Due to significant differences in the
order of magnitude of the model parameters, the covariance matrix for
the state variables is prone to becoming ill-conditioned, which will cause
a RTHS to become unstable and be terminated. Therefore, a newly
developed stabilized formulation of the constrained unscented Kalman
filter is presented and used to perform the real-time online model
updating of the damper model’s parameters. A super element formula-
tion was developed and used to reduce the number of degrees of freedom
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of the analytical substructure through static condensation. Selected
degrees of freedom that were condensed are associated with elements
known to remain elastic during the RTHS. These elements include the
columns and beams of the BRBFs. Rigid floor diaphragms are modeled
using a master-slave constraint at each floor to account for multi-axis
motions of the building under multi-directional loading. An adaptive
actuator controller is used to achieve accurate displacements of the
experimental substructure’s actuator.

The recast integration algorithm, combined with the use of the super
element enabled the RTHS of a nonlinear 3D model of the tall building to
be successfully completed, where there were no delays in completing the
algorithm’s calculations in real-time. The online model updating
formulation with an explicit form of the nonlinear Maxwell model was
able to provide reasonable predictions of the damper hysteretic
behavior, showing improved results compared to predictions based on a
model with constant damper model parameters. The trend in adaptation
of the algorithm’s coefficients differs in the earthquake RTHS compared
to the wind RTHS. This phenomenon is due to the greater amount of
specimen-actuator interaction that takes place in the earthquake simu-
lations that is associated with the larger velocities imposed onto the
damper and the greater forces developed in the damper.

The RTHS results demonstrate the importance of using 3-D models to
capture multi-directional multi-axis behavior, where under wind
loading the differential pressure that develops around the building’s
circumference and cross-wind effects can generate angular accelerations
that increase the translational accelerations at the corners of the floor
plan. Under earthquake loading, bi-directional ground motions as well
as an eccentricity in the floor plan between the center of mass and the
center of rigidity results in a multi-axis response of combined translation
with torsional motions of the building. This leads to differences in the
story drift of individual RRBS. Consequently, the ductility demand can
vary among BRBFs that are orientated in the same direction of the floor
plan. Motions that are orthogonal to the plane of the outriggers did not
engage the dampers because of the load path of the outrigger system,
and thus the dampers are not effective in reducing motions in this di-
rection. However, a warping torsion effect occurs, where deformations
in the dampers develop when the building is subjected to torsional
loading. Hence, the damped outrigger system also provided damping to
torsional modes of vibration of the building. RTHS was found to be an
effective means to perform a half-power bandwidth test to assess the
amount of supplemental damping that is added to the building system
from the dampers. The supplemental viscous damping in the building
was found to be 8.4 % and 5.5 % for the first translation and torsional
modes, respectively, of the wind RTHS model.

The framework and algorithms presented herein provide tools to
experimentally investigate the 3D performance of tall buildings with
rate dependent response modification devices that are subjected to
multi-natural hazards.
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