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The increasing rate of urbanization in recent decades has resulted in a global surge in the construction of slender high-rise
buildings. These structures are prone to excessive wind-induced lateral vibrations in the crosswind direction owing to vortex
shedding effects, causing occupant discomfort and, ultimately, dynamic serviceability failure. To reconcile the worldwide
accelerated trend in constructing tall buildings with the sustainable building sector agenda, this paper proposes a novel bi-
objective integrated design framework that leverages dynamic vibration absorbers (DVAs) to minimize the required material
usage in the wind load-resisting structural systems (WLSSs) of occupant comfort-governed tall buildings. The framework couples
structural sizing optimization for minimum-weight WLSS design (objective 1), with optimal DVA tuning for floor acceleration
minimization to satisfy codified wind comfort design requirements by using the smallest DV A inertia (objective 2). Furthermore,
a versatile numerical strategy is devised for the efficient solution of the proposed bi-objective optimization problem. For il-
lustration, the framework is applied to a 15-storey steel building equipped with one of two different DV As: a widely considered
top-floor tuned mass damper (TMD) and an innovative ground-floor tuned inerter damper (TID). The derived Pareto optimal
integrated (WLSS-plus-DVA) designs demonstrate that significant reduction in both structural steel usage and embodied carbon
emissions can be achieved using either one of the two DVAs with moderate inertia. It is concluded that the proposed opti-
mization-driven design framework and numerical solution strategy offer an alternative innovative approach to achieve material-
efficient high-rise buildings under wind hazards.

1. Introduction and Meotivation

In recent decades, height-wise urban development has
dominated the expansion in many major cities worldwide to
accommodate pressing housing and office space demands
posed by ongoing urbanization and population growth
[1, 2]. Such development relies on slender high-rise build-
ings, which make efficient use of high-premium lands in
congested urban environment. However, as their slender-
ness (height-to-width) ratios increase, high-rise buildings
become particularly susceptible to aerodynamic forces in the
crosswind direction due to the vortex shedding (VS)

phenomenon, in which vortices are generated and shed
periodically from one building side to the other creating
alternating low-pressure zones [3]. These VS-induced forces
may cause large sway oscillations in high-rise buildings even
under frequently occurring moderate wind actions [4],
leading to occupant discomfort and, ultimately, to downtime
(serviceability failure) [5]. In this respect, meeting the oc-
cupant comfort serviceability criteria mandated by design
building codes and guidelines (see, e.g., [6, 7]) becomes a
critical design consideration for the lateral wind load-
resisting structural system (WLSS) in VS-sensitive high-rise
buildings [8, 9]. Examples of typical WLSSs for buildings of
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up to about 25 storeys include moment-resisting frames,
steel braced frames, and rigid frames coupled with rein-
forced concrete shear walls [10]. For taller buildings,
commonly used WLSSs include steel outriggers and belt
trusses, framed or trussed tubes, and diagrids. Usually,
WLSSs are resisting gravitational loads as well, unless a
separate gravity system is provided [10].

Meanwhile, the WLSS contributes significantly to the
embodied carbon footprint (i.e., carbon emissions during
material production, construction, maintenance, and de-
molition) of new-built high-rise buildings and, thus, to their
overall environmental impact as the embodied carbon is
becoming more important than operational carbon in
modern energy-efficient buildings [11, 12]. In fact, the
relative contribution of the WLSS to the overall embodied
carbon of buildings increases rapidly with the building
height as the design wind loads increase unfavourably with
altitude [4], requiring heavier/stiffer WLSSs and thus higher
material usage and heavier foundations. Specifically, For-
aboschi et al. [13] reported an exponential relationship
between building height and the overall environmental
impact of high-rise buildings due to the increase in material
requirements and structural member sizes of WLSSs with
height. Furthermore, Gan et al. [14] demonstrated that the
WLSS is the main contributor to the total embodied carbon
in typical steel, reinforced concrete, and steel-concrete
composite high-rise buildings, while Nadoushani and
Akbarnezhad [15] found that decisions on WLSS design and
material could result in 13.1-18.0% variation in the carbon
footprint of mid-to-high-rise (i.e., 10-to-15 storey) steel and
reinforced concrete buildings.

In this regard, given that about 11% of global greenhouse
emissions are due to construction material production [16],
the efficient material usage in the WLSS is critical not only
for safeguarding occupant comfort and resilience of high-
rise wind-sensitive buildings to wind loads but also for
supporting environmentally sustainable height-wise urban
development, with the aim of addressing the needs of the
rapidly increasing global urban population, projected to
almost double by 2050 [17]. In this setting, there is great
scope for pursuing innovative and practically meritorious
design protocols to minimize the required material usage in
WLSS while satistying the code-prescribed occupant wind
comfort criteria in new high-rise wind-sensitive buildings.

To this end, dynamic vibration absorbers (DVAs), with
the most representative embodiment being the passive tuned
mass damper (TMD), are widely used to mitigate excessive
VS-induced vibrations in tall/landmark buildings [18-20].
Specifically, the conventional TMD comprises a free-to-
oscillate secondary mass attached to the building’s top floor
via stiffeners/springs and energy dissipation devices (e.g.,
viscous dampers) [21]. The stiffness and damping properties
of the TMD are designed (tuned) to the fundamental lateral
vibration mode of the building such that the inertia of the
secondary mass is activated (i.e., the TMD oscillates), which
counterbalances the wind-borne building oscillations and
facilitates kinetic energy dissipation by the damping devices.
By using an optimally designed TMD with a sufficiently large
secondary mass, code-deficient tall buildings for occupant
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comfort can be retrofitted to meet the crosswind service-
ability performance criteria [8]. Furthermore, recent re-
search work demonstrated that inerter-equipped DVA,
hereafter termed inerter-based vibration absorber (IVA), is a
quite effective retrofitting solution to meet occupant comfort
criteria in tall wind-sensitive buildings [22-25]. In typical
IVAs [26-28], inertia is primarily endowed by inerter de-
vices developing relative acceleration-resisting forces am-
plified through the inertance property [29], rather than by
large oscillating mass blocks as in the TMDs. Relying on the
fact that the inertance of experimentally verified inerter
devices can readily scale up almost independently of the
device physical mass using either mechanical gearing or fluid
dynamics principles [30, 31], IVAs can achieve significant
vibration suppression with much less additive weight and
thus material use requirements, compared to TMDs.

Nevertheless, in routine high-rise buildings (e.g., 12-25
storeys), structural design engineers are used to meet code-
specific, crosswind occupant comfort serviceability re-
quirements by stiffening the WLSS instead of using TMDs,
let alone IVAs. This approach is commonly supported by
experiential trial-and-error WLSS design cycles [10]. Al-
ternatively, automated WLSS sizing schemes involving the
formulation and numerical solution of various constrained
optimization problems for minimizing WLSS self-weight
can be employed for the task [32-35]. However, increasing
the stiftness of the WLSS to meet occupant comfort design
requirements translates into higher construction material
usage, especially since code-specific occupant comfort cri-
teria generally become more stringent for stiffer structures
[5]. In this context, WLSS stiffening in wind-sensitive high-
rise buildings does not achieve material efficiency from the
structural design viewpoint [36-38] which is recognized as a
key step towards a net-zero economy [39, 40].

To this end, this paper proposes an innovative integrated
design framework for VS-sensitive high-rise buildings which
leverages DV As to reduce the required self-weight of WLSS
in meeting the critical code-specific occupant wind comfort
criteria, leading to reduction in WLSS material utilization
and, consequently, to the building embodied carbon. The
framework relies on a novel bi-objective constrained opti-
mization problem formulation which couples structural
sizing optimization for minimum-weight WLSS (objective
1), with optimally tuned DVA having the smallest inertia
property (objective 2) required for satisfying occupant
comfort design criteria. Furthermore, a versatile numerical
strategy is devised for the computationally efficient solution
of the proposed optimization-driven design framework
enabling the use of any type of the well-established WLSS
sizing optimization algorithms in conjunction with any
standard DVA tuning approach. Moreover, numerical ap-
plication of the framework, supported by computationally
efficient WLSS minimal-weight sizing and optimal DVA
tuning algorithms, is considered to a routine 15-storey steel
building equipped with a TMD and an IVA for exemplifying
the applicability and usefulness of the framework. Note in
passing that the herein developed framework follows the
paradigm of optimal co-design systems approach, recently
emerged in the field of wind renewable energy [41]. Note
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turther that some previous studies pursued structural weight
reduction for the earthquake resistant design of buildings by
introducing damping devices [42-44], which have been
recently reviewed in Takewaki and Akehashi [45]. However,
to the best of the authors’ knowledge, this is the first time in
the literature that DV As are used within a systematic WLSS
design framework to promote concurrently low-embodied
carbon and resilience to wind hazard considerations in
routine VS-sensitive high-rise buildings with a view to
improve the sustainability of height-wise urban
development.

The remainder of the paper is organised as follows.
Section 2 discusses the background of the integrated design
framework, defines the underlying optimization problem,
and presents an efficient parallelizable numerical solution
scheme. Sections 3 and 4 review an eflicient discrete sizing
optimization algorithm for minimum-weight WLSS design
under a natural frequency constraint and an optimal DVA
tuning approach for minimizing floor accelerations in wind-
excited buildings, respectively. Section 5 presents an illus-
trative numerical application of the framework for a
benchmark steel building and discusses numerical results
and implications. Lastly, Section 6 summarizes concluding
remarks.

2. Proposed Integrated Optimization-Driven
Design Framework

2.1. Background and Practical Considerations. Tall buildings
with height-to-width aspect ratios above 3 may be suscep-
tible to excessive wind-borne oscillations in the crosswind
direction (i.e., within the plane normal to the wind direc-
tion) due to VS-induced aerodynamic forces [3]. This is
commonly the case for high-rise buildings with a relatively
flexible WLSS whose natural frequency of the dominant
sway vibration mode, fi, is lower than 1 Hz [46]. Indeed, in
such structures, even under moderate wind actions, the
likelihood of f; resonating with the frequency of VS-induced
forces is high [4]. This is demonstrated by the typical
crosswind force power spectra plotted in Figure 1(a) at
different floors for the 15-storey case-study building, ex-
amined later in the illustrative numerical application, under
a random wind field with 20 m/s reference mean wind ve-
locity. Combined with the low inherent damping of slender
buildings, these aerodynamic forces may produce excessive
horizontal floor accelerations, max {Xg,, }, causing occupant
discomfort and, ultimately, vibration serviceability failure, as
human motion perception is sensitive to accelerations [5].
To this end, building design regulations safeguard vibration
serviceability by specifying a floor acceleration threshold,
Xihres» NOt to be exceeded under a nominal site-specific
design wind velocity (e.g., [6, 7]). This threshold reduces as f;
increases [5] so that the crosswind serviceability design
criterion can be mathematically written as

max {iﬂoor (a)} = k.thres & fl (a)_ 0> (1)

where 0 is a positive number. In (1), the dependence of
max {Xg,,, } and of f; on the stiffness of the WLSS is explicitly

expressed by means of the vector a collecting the sizes (i.e.,
cross-sectional areas) of the structural members in the
WLSS.

In typical VS-sensitive high-rise buildings, the crosswind
serviceability criterion in (1) is more critical in the design of the
WLSS than the ultimate and serviceability limit state criteria in
the along-wind direction [18]. In the current state of practice,
the criterion in (1) is commonly met in routine VS-sensitive
buildings by increasing the lateral stiffness of the WLSS, which
typically involves increasing the number and/or the size of
WLSS’s structural members (e.g., [32]). Notably, this approach
is in principle cost-ineffective as the comfort criterion in
equation (1) becomes more stringent (i.e., Xy, reduces) as
frequency f; increases. Still, the rate of reduction of X, with f;
is slower compared to the rate of reduction of max {Xg,,}
with  f;. This is because the VS forces exerted on the structure
attenuate swiftly as f; departs from the VS frequency and,
thus, from the frequency band where vibration serviceability
check is commonly critical (usually 0.1 Hz to 1 Hz) as indicated
in Figure 1(a) [47]. Hence, upon sufficient WLSS stiffening, the
condition in equation (1) can be met as graphically seen in
Figure 1(b). Nevertheless, this comes at the cost of increasing
structural material usage in the WLSS as exemplified in
Figure 1(c), which plots the WLSS self-weight, M(a), of the case-
study steel building considered in the illustrative example as a
function of f;.

In this context, the required WLSS member sizes to meet
the criterion in (1) gradually increase for taller and taller
buildings, becoming, eventually, economically prohibitive. To
this end, DVAs with inertial property, mpya, are employed to
facilitate meeting (1) in several landmark tall buildings [19, 20].
This is achieved by optimally tuning the stiffness and damping
properties of the DVA, denoted by kpya and cpya, respectively,
for a given f; (i.e., given a WLSS with member sizes a). In this
setting, the higher the inertial mpya property is, the more
effective the DVA becomes in mitigating VS-induced floor
accelerations, at the expense of higher DVA upfront cost which
typically increases with mpya [48]. In this respect, DVAs with
sufficiently large mpy, (ie., secondary mass for TMDs or
inertance for IVAs) are used as a retrofit measure to satisfy
serviceability occupant comfort design criteria (e.g., [8, 24]).

Motivated by the potential of DVAs to mitigate the
critical crosswind floor accelerations in tall buildings, a novel
design framework for routine VS-sensitive high-rise
buildings is herein put forward aiming to achieve minimum-
weight WLSS by optimally sizing the WLSS structural
members together with the optimal DVA tuning in meeting
the critical serviceability criterion in (1). Importantly, the
proposed framework treats the DV A as an integrated part of
the WLSS in an optimization-driven design context rather
than as an appendage used for retrofitting a code-deficient
WLSS. This innovative design approach for VS-sensitive
high-rise buildings is underpinned by the optimal design
problem formulation discussed in the next section.

2.2. Novel Integrated Bi-Objective Optimal Design Problem
Formulation. To leverage the potential of the DVA for
minimizing the required structural material in the WLSS, the
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FIGURE 1: (a) Power spectra of design crosswind forces for the case-study building in Figure 3(a), based on the model by Liang et al. [3] (see
Appendix A), (b) root mean square 14 floor acceleration of the case-study building in Figure 3(a) for optimally sized WLSSs with different
fi frequencies versus ISO6897 [6] occupant comfort threshold, and (c) self-weight of the optimally sized WLSSs versus f; frequency.

developed framework pursues the optimal sizing of the
WLSS members in a together with the optimal tuning of the
DVA. The latter should have sufficient inertia mpy, to
satisfy the floor acceleration serviceability constraint X, ..
The need for integrating WLSS optimal sizing for minimum
self-weight M (a) with DV A optimal tuning stems from the
fact that X, and DVA tuning depend on the fundamental
natural frequency, f;, of the uncontrolled WLSS, which, in
turn, depends on a, as previously discussed. In this setting, a
minimum-weight design problem is mathematically
expressed by the following novel constrained optimization
problem:

min {M (a), mpya}»

such that: max {iﬂoor (a’ Y mDVA)} - kthres (fl (a)) <0,

a: min X

min m ma.
fora™ <a<a <y = [kpvascpval <Y

*andy
(2)

The design variables (DVs) in the above optimization
problem are the cross-sectional areas of the WLSS
members in vector a (structural DVs) and the DVA
stiffness, kpva, and damping, cpya (control DVs), in
vector y. The DVs are side-constrained by the lower-
bound values in vectors a™" and y™" and by the upper-
bound values in vectors a™** and y™** as indicated in (2).
These side constraints are application-dependent, spec-
ified based on practical considerations discussed in later
sections. Furthermore, the optimization problem in (2)
comprises two upfront cost-related objectives to be
concurrently minimized: the total self-weight of the
WLSS, M(a), and the DVA inertial property, mpya (ei-
ther secondary mass for TMDs or inertance for IVAs).
Some discussion on the choice of the above two objectives
is given in the following.

For steel and mass timber structures, the self-weight
M(a) is proportional to both the monetary structural
material cost and the environmental impact in terms of

embodied CO, of the WLSS (e.g., [49]). Therefore,
adopting the self-weight M(a) as an objective function in
(2) is directly applicable for minimizing upfront WLSS
material cost and environmental impact in VS-sensitive
steel and mass timber high-rise buildings. For reinforced
concrete WLSSs, the stiffness and mass properties of
individual members, relevant to the considered optimal
sizing with a frequency constraint assuming elastic be-
haviour, stem from the outer dimensions of members as
reinforcing steel bars have insignificant contribution to
the elastic lateral stiffness of the WLSS. Accordingly, the
self-weight of concrete is accounted for in the self-weight
M(a) calculation in (2), while structural DVs become, for
instance, sectional widths and depths of concrete
members (e.g., [50]). In this regard, the formulation in (2)
minimizes only the share of concrete in the upfront cost
and environmental impact of the WLSS, and not the
overall WLSS costs strictly as commonly pursued in the
literature (e.g., [51, 52]). In any case, if desired, the
contribution of steel reinforcement can be considered in
the self-weight evaluation by introducing a reinforcement
ratio (defined as the ratio between the area of rebars to the
effective area of the section) to each design group of
concrete members. For composite WLSSs (e.g., steel-
concrete, steel-timber, and so on), the weight of different
materials/members contributing to the stiffness and mass
of the WLSS need to be aggregated in calculating M(a),
while the structural DVs may involve the cross-sectional
area or other appropriate sectional properties of different
materials for the same structural member. To this end,
solving (2) may neither lead to optimality in terms of
construction cost, nor to optimality in terms of envi-
ronmental impact. To this aim, additional material/
structure-specific information related to the monetary
cost and embodied carbon emission may need to be
imposed to achieve minimization of either of the two
costs [53], though such considerations lie beyond the
scope of this work. Irrespective of the WLSS material,
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note that only cross-sectional areas of members are
herein selected as structural DVs. This consideration
facilitates the weight-minimal design formulation in (2)
and can be supported by expressing all other sectional
properties contributing to the WLSS stiffness in terms of
the cross-sectional area (see, e.g., Appendix B for an
example pertaining to a typical steel WLSS).

To support the choice of mpy4 as the second objective
function to minimize in (2), it is noted that the secondary
mass is proportional to the upfront cost of commercial
TMDs [48] typically installed on top floor of tall buildings
for wind vibration mitigation. Thus, taking mpy, to be the
secondary mass for TMDs in the objective function of (2)
minimizes the upfront TMD cost. Moreover, this choice is
consistent with the minimization of M (a) in pursuit of a self-
weight minimal design for the DVA-equipped WLSS. For
the case of IVAs, whose vibration mitigation effectiveness
relies on the inertance property endowed by inerter devices
(e.g., [22,26-28]), mpya in (2) becomes the inertance of the
IVA, such that the design problem in (2) seeks to minimize
the inertance. This choice relies on the fact that in the most
widely studied IVAs for motion control of buildings under
lateral loads, an increase in inertance leads to increasing
forces developed in the inerter device and transferred to the
host structure (see, e.g., [24, 54]). In this regard, while scaling
up the inertance property does not lead to significant in-
crease of inerter device weight (e.g., [29, 55, 56]), the upfront
cost of IVAs with higher inertance may be higher in practice
as special device and connection designs will be required to
accommodate the larger control forces. In this respect,
minimizing the inertance in the design problem of (2)
translates directly into upfront IVA cost minimization.

2.3. Efficient Solution Strategy of the Integrated Optimal
Design Problem. The optimization problem in (2) is non-
trivial to solve. Notwithstanding the potentially large
number of structural DVs involved (i.e., member sizes in a),
both f; and X, which govern the optimal DV A tuning and
required mpy 4, respectively, depend heavily on the member
sizes. Furthermore, the same holds for max{Xy,,,} whose
evaluation requires explicit structural dynamic analysis of
the DVA-equipped WLSS for the design wind load which
can be computationally intensive. Nevertheless, there exist a
plethora of efficient member sizing optimization approaches
for WLSSs made of different materials with no control
devices (e.g., [32, 33, 49, 50, 57]), as well as efficient opti-
mization algorithms for the optimal DV A tuning for a given
WLSS (e.g., [21, 24]). In this regard, a three-stage solution
strategy to (2) is herein proposed to decouple the optimal
WLSS sizing problem from the optimal DVA tuning
problem, thus enabling the employment of existing algo-
rithms to solve each of the two problems independently.
The first stage involves member sizing to minimize
WLSS weight, M (a), for prespecified target frequencies,
frarget- Stage two involves optimal DVA tuning for pre-
specified mpya values aiming to minimize floor accelera-
tions in the minimum-weight WLSSs obtained from stage
one under the design crosswind load. Stage three assesses the

performance of the optimized DV A-equipped WLSS with
f1 = frarget frequency against the codified threshold Xy,... By
considering multiple fi,rget and mpy 4 values, a set of optimal
integrated DVA-plus-WLSS designs is determined which all
satisfy the crosswind serviceability criterion in (1). This set of
solutions quantifies the trade-off between the two objectives
in (2), i.e., M(a) and mpy,, thereby representing a Pareto
front of non-dominant designs whose M(a) cannot be
turther reduced without increasing mpya and vice versa.
Ultimately, the design engineer can choose one solution
from the Pareto optimal set based on various practical
considerations including DVA cost and desired savings in
WLSS material usage and embodied carbon footprint.

The flowchart of the proposed solution strategy to the bi-
objective optimization problem in (2) is delineated in Fig-
ure 2. According to it, the range of fi e frequencies is
specified in the initialization step, given a fixed WLSS layout,
design crosswind loads, and the crosswind occupant comfort
serviceability criterion. The lowest target frequency value,
S target min - corresponds to a WLSS designed to meet all
serviceability and ultimate limit state design criteria for
gravitational and (static) along-wind loads, using standard
structural design methods. The member sectional sizes of
this design become the lower boundary of the side constraint
on structural DVs, i.e., 2™, For a wind-sensitive building,
this design will not meet the crosswind serviceability cri-
terion. Thus, one more WLSS design is further performed in
which the WLSS is sufficiently stiffened to satisfy the
crosswind serviceability criterion in (1) without the use of a
DVA. This may be achieved using either conventional trial-
and-error or automated optimization-based approaches
previously discussed. Regardless of the approach used, the
latter design will always have a higher fundamental natural
frequency than fi .. min - This frequency becomes the
highest target frequency value, f ™ and the corre-
sponding member sectional sizes become the upper
boundary of the side constraint on structural DVs, i.e., a™**.

These target frequencies can be made equally spaced at

= (Frarget ™ = Frargee ™)/ (j=1). Clearly, a higher
number of WLSS designs increases the resolution of the
Pareto optimal solutions (from which a single integrated
design can be chosen) at the expense of higher computa-
tional cost. In the subsequent optimal DVA tuning stage, a
set of k optimal DVA tunings is performed for each of the j
minimal-weight WLSS designs with respect to the crosswind
serviceability criterion obtained in previous steps (note that
the one with f e ™ is code-compliant). Each DVA tuning
aims to determine the control DVs in y vector to minimize
the maximum floor acceleration (usually attained at the
highest occupied floor) under the design crosswind exci-
tation for a given inertial value, mpys. Overall, k mpya
values, possibly equally spaced or otherwise, are considered
within an interval [mipy, ™0, mpy, ™). The value of
Mpya ™" may be set to zero to signify the uncontrolled
WLSS cases. Furthermore, the upper-bound value of
mpya ™ is DVA-dependent and is defined as the minimum
DVA inertia required for the WLSS with the lowest natural
frequency, fi,ee ™" (corresponding to the a™™" side con-
straint), to meet the serviceability design criterion of (1). The
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performance of the jxk different DVA-equipped WLSSs in
terms of max{Xg,,,} under the design crosswind loading can
be plotted on the fi(a)-mpya plane or, alternatively, on the
two-objective M(a)-mpya plane to derive numerically a
performance surface. The intersection of the performance
surface with the %, curve provides Pareto optimal solu-
tions of (2). If needed, these solutions can be refined by
repeating the optimal sizing and optimal tuning stages for a
set of fi(a)-mpya pairs found upon interpolation of the
performance surface with the X, design curve. In this
regard, if mpy, ™ is too large or too expensive to be
adopted in design, then lower mpya values can be adopted
chosen from the Pareto optimal front of solutions which will

correspond to a heavier WLSS. Therefore, the proposed
framework supports versatile and practical decision making
for design engineers in view of total upfront cost
considerations.

The applicability of the proposed integrated design
optimization framework is numerically illustrated in Section
5, for which a numerical implementation of the solution
strategy is required. To this aim, the following two sections
detail the formulations and algorithmic solutions adopted
for the numerical illustration of the framework. First, an
optimality-criteria (OC)-based algorithm is presented for
sizing optimization of a WLSS under a frequency constraint
(Section 3), and then a numerical pattern search method is
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outlined for optimal DVA tuning (Section 4). It is noted,
however, that alternative algorithms and approaches can be
adopted for the numerical implementation of the frame-
work, while the solution strategy can be expedited by fully
parallelizing the j-1 optimal sizing designs and the k optimal
tunings for each j WLSS.

3. Optimality-Criteria-Based Member
Sizing under a Frequency Constraint

3.1. Formulation of Optimality-Criteria Design Optimization
Problem. An eflicient formulation is adopted in this work to
address the minimum-weight WLSS member sizing problem
for any target fundamental natural frequency, farge, required in
the proposed solution strategy in Figure 2, relying on an OC-
based algorithm originated in the early work of Venkayya
[58, 59]. For a WLSS comprising S structural members, the
minimum-weight sizing problem can be mathematically
expressed as

S
min {M(a) = ZpslsaS }, (3)

s=1

min max

subjected to the side constraint a™" < a < a™ and to the

frequency constraint
fl (a) - ftarget =0. (4)

In (3), ps, I, and a, (s=1,...,S) are the material density,
the length, and the cross-sectional area of structural member
s, respectively. Note that grouping of structural members
through equal size constraints can be readily imposed in (3)
in support of buildability, practicality, and cost-efficiency, as
commonly considered in optimal member sizing. This
consideration results in having N number of active structural
DVs (cross-sectional areas) in vector a with N<S.

Assuming continuous-valued DVs in a, the solution of
the optimal sizing problem is pursued by firstly formulating
the Lagrangian function by adjoining the objective function
in (3) with the frequency constraint in (4) through the
unknown Lagrange multiplier A as

L(a,) = M (@) = A[ £, (@) = fiaget)- (5)

Then, the problem in (3) can be solved by finding the
stationary point of L(a, A) with respect to all the n elements
of a (i.e., the point at which the first derivative of L(a, 1) with
respect to a is zero) through the solution of the following N
system of equations:

A ¥, @

ol da =1(n=1,N). (6)

The last system of equations defines the OC which
need to be simultaneously satisfied by structural DVs a to
reach a frequency-constrained minimum-weight WLSS.
Furthermore, it is readily seen that the first-order de-
rivative test of L(a, A) with respect to A yields the fre-
quency constraint in (4). In this regime, (4) and (6) define
a system of N+1 coupled equations for N+1 unknowns,
namely, the N active structural DVs in a plus the A

multiplier. An efficient iterative algorithm is presented
next for solving the above N+ 1 system of equations.

3.2. Iterative Resizing Algorithm for Solving the Optimality-
Criteria Problem. The optimization problem in (3) subjected
to the constraint in (4) is strictly convex [60]. Therefore, for a
sufficiently wide range [a™", a™®], there always exists a
single global optimum design (stationary) point, a°®, at
which the OC in (6) hold [61]. In this setting, a numerical
algorithm is herein adopted to iteratively update the active
structural DVs using the OC in (6) towards a°* where the
target frequency constraint fi = firge¢ is satisfied by the WLSS
with minimum self-weight M(a®""). To this aim, a linear
recursive relation derived directly from (6) is used, written
for the n-th active DV at the p-th iteration as [57]

(p) ()
af,p“)={1+l{ll<agl(a)> _1]}aﬁp)(n=l,N)-
17 n'n an

(7)

In the last equation, the relaxation parameter # controls
the conver§ence rate of the DVs: as 17 becomes smaller, the
value of a,? is scaled (updated) to a larger extent, and vice
versa. Furthermore, an expression for the Lagrangian
multiplier at iteration p, A%”’, appearing in (7) can be reached
by first writing the change in the fundamental frequency
between two consecutive iterations using a first-order Taylor
series expansion approximation about the DVs as

»
e o (N ey
fl fl - Z aa (an an )) (8)

n=1

and, then, by substituting (7) into (8), which yields

/\(P) = Z”N=1 (afl/aan)(p)ar(,p) + n(ftarget B fp)) (9)
2 .
SN [(@f1/0a,) P aPip,d,

The latter expression has been derived by assuming that
the frequencx{ constraint in (4) is satisfied after p iterations,
that is, fi”"" = fiareer-

In this context, (7) and (9) can be used iteratively to solve
(3) and (4). To this end, an economical calculation of the
partial derivatives (0f 1/0a,)? is required for the efficient
numerical implementation of (7) and (9). Assuming that the
WLSS is modelled using the standard linear finite element
method, the partial derivatives can be efficiently approxi-
mated by the expression [62]

d 2 1 9K, (a) (p)
(a£1> T o K (@) (p1T< 3a > ¢ |(n=1...,N),
" 4”\/"’1 Ks (a) P (P1 n

(10)

in which Ky(a) ¥’ is WLSS stiffness matrix at the p-th it-
eration and the superscript “T” denotes matrix transposi-
tion. In (10), the mode shape is normalized such that
¢ M@, =1 with M, being the mass matrix accounting
for the nominal dead and live loads of the building. Fur-
thermore, ¢, is taken as independent of changes to member



sizes a at any iterative step, which is a usual assumption to
achieve computational efficiency in calculating the deriva-
tives (3f,/da,)? without significant loss of accuracy [62].
Moreover, the first derivative of the stiffness matrix in (10)
may be approximated using the finite difference-based
expression

) (p) (p-1)
(aKS) :w (11)

da,) AP g
where K,V is a perturbed stiffness matrix compared to
K in which the element stiffness matrix for member n
comes from the previous p-1 step.

At this juncture, it is important to note that the con-
tinuous-valued updating of the structural DVs through the
iterative application of (7) and (9) is guaranteed to converge
to the optimal solution of (3) and (4), provided that no side
constraint is violated [58]. In this regard, (7) and (9) are
iteratively implemented in a first pass without imposing the
side constraints ™™ < a < 2™ Side constraints are checked
after convergence of the first pass to a tentative a®**. If one
or more cross-sectional areas in a°®"* violate the side con-
straint(s), then they are removed from the vector a of the
active DVs, and their values are set equal to the side con-
straint values that were violated. Next, (7) and (9) are it-
eratively re-executed for the same target frequency and for
vector a with reduced number of structural DVs. The above
steps are repeated until no side constraint is violated by any
of the active DVs, at which stage the optimal cross-sectional
properties of all groups of members have been obtained.
Lastly, practically feasible member sizes are specified by
mapping the obtained continuous-valued cross-sectional
member properties onto a discrete set of possible section
sizes comprising sections with rounded-up dimensions in
reinforced concrete and timber structures (or structural
members) or catalogues of commercially available sections
for steel structures (or structural members).

In the illustrative example of Section 5 pertaining to a
steel structure, in-house developed routines hard-coded in
MATLAB® are used to implement the herein presented OC-
based optimal sizing algorithm with side-constraint verifi-
cation and mapping of section properties to commercial
steel sections. The routines include finite element code for
automated stiffness matrix assembly and updating as well as
modal analysis to find ¢,.

4. Optimal Tuning of DVA for Minimizing
Floor Acceleration

4.1. Formulation of the Optimal DVA Tuning Problem.
With j-1 optimally sized WLSSs (for a set of j-1 prespecified
ftargee fundamental natural frequency values) having been
determined, the solution strategy in Figure 2 proceeds with
the optimal DVA tuning stage. As discussed in Section 2.3,
the code-specific threshold Xy,,., does not enter the optimal
DVA tuning. Instead, the criterion in (1) is being checked for
optimal DV A-equipped WLSSs at a subsequent stage to
determine the minimum required DVA inertia property,
Mpya, that satisfies the threshold for each one of the j
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different WLSS. In this respect, the optimal DVA tuning
stage aims to minimize the maximum crosswind floor ac-
celeration response, max{Xg,,, }, under the design wind load
for each j WLSS separately and for a set of k prespecified
values of the DVA inertial property myy, within a range
[Mpya ™2, mpys ™). Thus, a total of jxk optimal DVA
tunings are undertaken, each one seeking to determine
optimal control DVs, namely, DVA stiffness, kpya, and
DVA damping, cpy, that minimize max{Xg,,} given mpya
and a WLSS with a°"* cross sections corresponding to some
frarget Value. The optimal DVA tuning problem is mathe-
matically expressed as

m}i}n {maX {iﬂoor<y I aOPt, mDVA)}}’ (12)
subjected to the side constraint y™" <y <y™®. Commonly,
the two control DVs, collected in the vector y, are expressed
by the dimensionless DVA frequency and damping ratios
defined as

VEpva/Mpya d _ Cpva
72 an f DVA — = % >
nf target 2+/kpyampya

respectively, which facilitates the specification of physically
meaningful side constraints y™" and y™ and further
supports an efficient numerical solution of (12) as discussed
in the following section. Once optimal values for the di-
mensionless ratios, vpya and &pya, are determined, the
optimal values of DV A stiftness, kpya, and damping, cpya,
are readily found from (13).

Ypya = (13)

4.2. Numerical Solution of the Optimal Tuning Problem.
The evaluation of the objective function, max{Xg,,,}, in (12)
requires the structural analysis of the DVA-equipped WLSS
for the nominal design wind loading, and therefore, the
gradient of max{Xg,,,} cannot be generally (or at least ef-
ficiently) found or approximated (semi-) analytically. In this
regard, non-gradient optimization algorithms can be used to
solve numerically (13) (e.g., [63, 64]). In the numerical part
of this work, the efficient algorithm developed in [24, 25] and
hard-coded in MATLAB® is used for the task. The adopted
algorithm applies standard pattern search [63] iteratively
with progressively narrower search range in y by “zooming-
in” the neighbourhood of the optimal vpy, and {pya values
found in the previous iteration, to expedite the solution
process. The stoppage criterion for the iterations checks the
absolute difference of successive max{Xy,,,} against a pre-
specified convergence tolerance [25]. In the illustrative
numerical example (Section 5), the initial search range is
taken as y™=[0.5, 0.0] and y™** =[1.5, 1.0] with conver-
gence tolerance set to 1E-2.

The eflicient numerical solution of the optimal DVA
tuning is herein further facilitated by undertaking fre-
quency-domain random vibration structural analysis to
evaluate max{Xy,,}. Conveniently, such analysis is sup-
ported by representing the design wind load as a stationary
random field defined by a power spectral density matrix
(PSDM) Sgg(w) in the domain of circular frequencies w,
which is quite common in practice (see [4] and Appendix A).



Structural Control and Health Monitoring

Typically, only a small number of dynamic degrees of
freedom (DOFs) need to be accounted for in the analysis,
corresponding to lateral translational displacements for each
building floor plus the displacement of the DVA. To this end,
reduced order dynamical modelling of the DV A-equipped
WLSS may be employed to define a low-order stiffness
matrix Ky, containing only the dynamic DOFs. The latter
matrix can be derived from the full K¢ matrix either by static
condensation (e.g., [25]) or by back-solving the modal
analysis equations using a mass matrix containing only the
dynamic DOFs (e.g., [24]). In this regime, max{Xg,,,} can be
efficiently computed by first obtaining the response accel-
eration PSDM of the low-order dynamical system as

Sy (@) = 0'B(w)*Stx (w)B (w), (14)

where Sfp(w) is an augmented excitation PSDM with ad-
ditional zero rows and columns corresponding to the DOF
of the DVA which is not externally excited by the wind, the
superscript “ *” denotes complex conjugation, and

B (©) = (Kigy, ~ @*Myy,, +i0Cioy,) - (15)

In the last equation, My, and C,, are the mass and
damping matrices of the low-order dynamic system, i = v/~1,
and the superscript “—1” denotes matrix inversion. Then, the
root mean square (RMS) acceleration response of the g-th
floor is obtained as

S [9, qldw, (16)

by integrating the main diagonal element (q,q) of the
response acceleration PSDM in (14) on the frequency axis
up to a maximum (cutoff) frequency w,,.x above which
the energy of the underlying stochastic response pro-
cesses is negligible. Any standard quadrature rule can be
used to calculate the integral in (16). In the numerical part
of this work, the trapezoidal rule as implemented by the
MATLAB built-in function “trapz” is used for the task.
Ultimately, the max{Xg,,,} objective function in (12) can
be taken as the largest RMS response acceleration value
from all the g building floors in (16).

Note in passing that in case the code-specific floor accel-
eration threshold, X, is defined in terms of the RMS value,
then (16) can also be used for the assessment stage of the
flowchart in Figure 2. Nevertheless, if Xy, ., is defined in terms of
the peak value, then the RMS value in (16) needs to be mul-
tiplied by a semi-empirical peak factor (see, e.g., [4]). As a final
remark, in the less common case that the design crosswind
loading is given in time domain (e.g., time series from direct
wind tunnel testing), then computationally demanding response
history analysis needs to be undertaken to evaluate max{Xg,, }
and to assess the DVA-equipped WLSS against the X,

5. Illustrative Numerical Application

5.1. Case-Study Building Description and Initial Uncontrolled
WLSS Designs. To illustrate the applicability of the

integrated design framework and solution strategy pre-
sented in Section 2, the doubly symmetric, 15-storey, steel
moment-resisting frame (MRF) building shown in
Figure 3(a) is taken as case study of a routine wind-
sensitive high-rise building. The total building height is
49.8 m (ground floor is 5 m high and typical floor is 3.2 m
high). The WLSS comprises 4 parallel, 3-bay MRFs along
two horizontal perpendicular axes with all beam-to-
column connections taken as rigid. Floor slabs are as-
sumed to act as rigid diaphragms in their plane and
gravitational design loads are uniformly distributed.
Columns are taken to have (welded) square hollow
sections (SHS), while (standard) Universal Beams (UB)
sections are used for beams. The practicality of the sizing
design of the WLSS is supported by considering 5
member design groups with common cross-sectional
sizes per every three storeys, namely, the perimetric
beam, inner beam, central column, corner column, and
perimetric column, as shown in Figure 3(b). Overall, 10
groups of beams and 15 groups of columns are considered
in the WLSS sizing optimization, totalling 25 structural
DVs. Note that due to the double symmetry along two
perpendicular horizontal (principal) axes, the WLSS has
two translational uncoupled vibration modes along the
principal axes with the same natural frequency. This
common natural frequency is the lowest, f;, which
dominates the acceleration response of the case-study
structure to lateral (dynamic wind) loads for the occupant
comfort consideration.

In order to find the lower-bound WLSS design and
S target min for the sizing optimization (see Section 2), the
WLSS of the case-study building is designed (using
conventional trial-and-error design method) to meet all
serviceability and ultimate limit state requirements
according to Eurocode 3 [65], involving appropriate
gravitational and static along-wind forces with a refer-
ence design wind speed v, =20 m/s (i.e., 10 min mean
wind velocity at 10 m height assuming open flat terrain).
The cross sections of 25 WLSS member groups of this
design are reported in Table 1 (see also Table 3 in Ap-
pendix B for detailed section properties specification).
This initial design has a self-weight of 209.3 Mg and a
fundamental natural frequency of 0.288 Hz obtained by
application of standard modal analysis to the detailed
finite element model of the WLSS modelled using linear
Timoshenko beams.

Further, the dynamic crosswind forces for assessing the
case-study building’s occupant comfort performance are rep-
resented by the spatially correlated stationary random field
model of Liang et al. [3] is assumed for rough/urban terrain. For
this wind profile, the crosswind force PSDM surface is plotted in
Figure 3(c) as a continuous function of the elevation and ex-
citation frequency. In the latter plot, the dominant VS frequency
is clearly seen as a ridge on the PSDM surface, and the force
magnitude increases with elevation (see also cross sections of the
force PSDM surface at three different floors/elevations in
Figure 1(a)). The ISO6897:1984 guideline [6] is adopted to
define the crosswind occupant comfort (serviceability) design
criterion, specified by the maximum floor acceleration given as
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FIGURE 3: (a) 15-storey case-study building, (b) member design groups for sizing optimization of the case-study building’s WLSS, and
(c) power spectral density function of crosswind design forces for the case-study building.

TaBLE 1: Cross sections of the lower-bound WLSS design of the case-study building.

Lower-bound optimal design f; = 0.288 Hz, self-weight =209.3 Mg

Floor number Groups of beams (standard UB)

Groups of columns (welded SHS)

Inner Perimetric Central Corner Perimetric
1-3 UB457 x 152 x 74 UB457 x 152 x 52 w400 20 w280 14 w360 £18
4-6 UB406 x 178 x 60 UB406 x 178 x 60 w320 t16 w280 t14 w320 t16
7-9 UB356 x171 x 67 UB406 x 140 x 46 w280 t14 w200 £10 w280 t14
10-12 UB356 x171 x 45 UB356 x 171 x 45 w240 t12 w160 8 w240 t12
13-15 UB406 x 140 x 39 UB305 x 165 x 54 w200 £10 w160 8 w200 £10
Fnres = €xp (=3.65 - 0.411n £ (a)), (17)  constraints a™" for the structural DV equal to the cross-

in terms of RMS value and plotted in Figure 1(b) (broken
line).

Due to the double symmetry of the case-study
building, assessment against the crosswind serviceability
criterion in (17) for the design crosswind forces in
Figure 3(b) can be undertaken along any of the two
structural principal axes. To this aim, frequency-domain
random vibration analysis discussed in Section 4.2 is
applied to a planar low-order dynamic model of the
WLSS with only 15 translational DOFs (i.e., one per
floor), derived in Appendix C. It is numerically found
that the WLSS crosswind acceleration response is dom-
inated by the first vibration mode and the maximum RMS
floor acceleration is attained at the 14™ (highest occu-
pied) floor. This RMS acceleration value is much larger
than the threshold value in equation (17) (point indicated
with “X e in Figure 1(b)). Thus, the WLSS design in
Table 1 does not satisfy the crosswind serviceability
criterion, and the case-study building is indeed VS-
sensitive and governed by the occupant comfort re-
quirement. Therefore, this design is set as the “lower-
bound” design according to the design flowchart in
Figure 2, with fy, . ™"=0288Hz and with side

sectional properties in Table 1.

To this end, a second WLSS design is undertaken to
satisfy the criterion in equation (17) through stiffening, using
heavier steel sections. This is achieved for a WLSS with
f1 =1.186 Hz for which the maximum RMS floor acceleration
(at the 14™ floor) under the design crosswind forces, ob-
tained using (16) for the low-order 15-DOF system in
Appendix C, equals the threshold value in (17) (point in-
dicated by a filled circle in Figure 1(b)). This WLSS is
designed using the sizing optimization algorithm in Section
3 with cross sections reported in Table 2. Being stiffer and
thus stronger than the original WLSS design in Table 2, it
meets all the other Eurocode 3 [65] design verifications.
Therefore, this second WLSS design is set as the “upper-
bound” design, as per the flowchart in Figure 2, with
ftargee ™ =1.186 Hz and with side constraints a™** for the
structural DVs equal to the cross-sectional properties in
Table 2.

It is worth noting that the fundamental natural frequency
f1=1186Hz of the upper-bound minimum-weight WLSS
design of Table 2 is consistent with field-measured natural
frequencies of portfolios of actual steel MRF buildings with
similar heights reported by Satake et al. [67]. Furthermore, the
material efficiency of the upper-bound design is safeguarded by
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TaBLE 2: Cross sections of the upper-bound WLSS design of the case-study building.
Upper-bound optimal design f; =1.186 Hz, self-weight =992.2 Mg

Floor number Groups of beams (standard UB) Groups of columns (welded SHS)

Inner Edge Central Corner Perimetric
1-3 UB1016 x 305 x 437 UB1016 x 305 x 272 w720 t32 w630 t32 w830 t40
4-6 UB1016 x 305 x 349 UB914 x 305 x 253 w610 30 w520 £25 w640 t32
7-9 UB1016 x 305 x 349 UB914 x 305 x 224 w600 £30 w430 £22 w540 £28
10-12 UB914 x 305 x 289 UB914 x 305 x 201 w560 £28 w350 ¢18 w490 25
13-15 UB610 x 305 x 238 UB686 x 254 x 125 w480 £25 w290 t15 w400 £20

the optimal sizing method used in the design. Importantly, the
self-weight of the upper-bound design is M(a)=992.2 Mg,
about 4.75 times heavier than the initial (lower-bound) design.
In this respect, the herein adopted case-study building can serve
as an interesting and realistic testbed of a code-compliant,
material-efficient structure for demonstrating the practical
merit and benefits of the proposed framework in Section 2 for
reducing structural material use (and thus embodied carbon) in
VS-sensitive ordinary high-rise buildings by employing DV As
to meet the crosswind serviceability criterion.

5.2. Adopted DVAs. The potential of two different types of
DV As is considered to reduce the structural material usage of
the upper-bound WLSS design in Table 2. The first is a con-
ventional passive linear top-floor TMD, graphically shown in
Figure 4(a), which is, arguably, the most commonly considered
DV A in practice for wind-borne motion control in tall buildings
(e.g., [18, 21]). In this regard, it is of great practical interest to
assess its potential for the task at hand, given the significant
experience among design engineers and consultants of high-rise
buildings with TMDs. The second is a passive linear ground-
floor TID, graphically shown in Figure 4(b), whose potential for
building motion control under lateral dynamic loads has been
recently established in the scientific literature through nu-
merical (e.g., [26, 68, 69]) and experimental (e.g., [55, 70, 71])
research work for seismic ground motions, but not for wind-
excited structures. Notably, installing a TID on the ground floor
offers additional advantages over the top-floor TMD placement,
such as better accessibility for DVA installation, tuning/
retuning, and maintenance, as well as the possibility for device
upgrades (e.g., replacing with a larger inerter) to meet more
stringent performance criteria (than those considered in the
initial design) due to changes to the surrounding built envi-
ronment, causing increased wind exposure (see, e.g., [22]).

The optimal tuning of both the adopted DVAs pertains to
finding the optimal damping and stiffness coefficients of the
linear dashpot and spring elements as shown in Figure 4. In
terms of the inertia DVA property, mpya, it coincides to the
secondary mass, mryp, for the TMD, while for the TID
configuration of Figure 4(b), mpy4 coincides with the inertance
property b. This is because the dynamic behaviour of the ideal
grounded inerter element maps directly to a mass with inertia
equal to the device inertance (see, e.g., [26, 29]).

5.3. Integrated Optimal Design of Case-Study TMD/TID-
Equipped WLSS and Assessment. With upper and lower-
bound WLSS designs specified, a series of minimum-

weight designs are obtained using the sizing algorithm in
Section 3 for 9 different target frequency values, equally
spaced by approximately 0.10 Hz, within the frequency
range [0.288 Hz, 1.186 Hz] (see Section 5.1). Figure 1(b)
plots all the 10 minimum-weight WLSS designs plus the
low-bound design from which only one (i.e., the upper-
bound design with f;=1.186Hz) is code-compliant.
Furthermore, Figure 1(c) plots the self-weight, M(a), of
these designs against f; and indicates that there is ap-
proximately a positive linear relationship between M(a)
and f;, showing that the WLSS of the case-study building
requires on average 84.1 additional Mg of steel to achieve
lateral stiffening corresponding to a 0.1 Hz increase in the
fundamental frequency.

The 10 code-deficient WLSS designs are equipped with
either a top-floor TMD or a ground-floor TID which are
optimally tuned for minimizing floor accelerations (see
Section 4) under the design wind excitation in Figure 3(c).
For each WLSS, TMDs and TIDs with 9 different inertial
values equally spaced within a range of [mpy 4 ™", mpyx ™)
are considered. For both types of DVAs, the lower bound,
Mpya ™", of the inertia property range is notionally taken
equal to zero to represent the uncontrolled WLSS. The upper
bound, mpy, ™, is defined separately for each DVA type as
discussed in Section 2.3, that is, by setting it equal to the
minimum required DVA inertia property to ensure that the
lower-bound WLSS design in Table 1 satisfies the criterion in
(17). This is herein accomplished by solving the optimal
DVA design problem in (12) for several closely spaced values
of mpya until the required mpya for which
0y, = €xp (=3.65 — 0.411n(0.288)) holds is determined. It is
found that mpy, ™ =2.83 Mg for the TMD and mipy, ™
=596.1 Mg for the TID. Notably, mpy, ™ for the TMD is
approximately 0.3% the self-weight of the “heavy” upper-
bound uncontrolled WLSS in Table 2 and 1.5% the self-
weight of the “light” lower-bound uncontrolled WLSS in
Table 1. These TMD mass ratios span a reasonable range of
real-life TMD implementation in existing buildings (e.g.,
[18,19, 21, 48]). Accordingly, the mpy,, ™ value for the TID
inertance is also reasonable (i.e., two orders of magnitude
larger than the heavier considered TMD), since inertance of
actual inerter devices scales up practically independently of
the device physical mass based on different technologies/
embodiments (e.g., [30]). Indeed, inerter prototypes for
large scale (civil engineering) applications with inertance of
up to 10,000 Mg have been reported in the literature (e.g.,
[55)).
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FIGURE 4: Schematic illustration of (a) top-floor tuned mass damper and (b) ground-floor tuned inerter damper.

Performance surfaces of the resulting 11x9=99 inte-
grated optimally designed WLSS-plus-DVA systems are
plotted in Figures 5(a) and 5(b) for TMD and TID absorbers,
respectively, in terms of maximum RMS floor acceleration
(always attained at the 14™ floor of the case-study building)
under the design wind excitation. These RMS values are
computed using (14)-(16) as detailed in Section 4.2. It is
found that RMS floor acceleration reduces monotonically
with WLSS fundamental frequency and DVA inertia, but at
reduced rates. These trends verify the opportunity of
relaxing requirements for stiffening of WLSS by using a
DVA with sufficient inertia to address human discomfort in
the VS-sensitive case-study structure. To quantify this trade-
off within a performance-targeted design context (ie.,
aiming to achieve a preset performance level), the ISO6897 :
1984 wind comfort demand threshold in equation (17) is
included in Figures 5(a) and 5(b) as a surface and its in-
tersection with the performance surface is highlighted by a
dotted curve. The latter curve delimits the acceptable (code-
compliant) WLSS-plus-DVA designs located on the per-
formance surface below the ISO6897:1984 demand surface
from non-acceptable (code-deficient) designs located on the
performance surface above the ISO6897:1984 demand
surface. Clearly, the acceptable designs are conservative and
can be further improved by reducing the stiffness of the
WLSS and/or by reducing the inertia of the DVA. More
importantly, Figures 5(a) and 5(b) show that code-compliant
performance for wind habitability can be achieved using
different sets of values for WLSS lateral stiffness (expressed
through the natural frequency f;) and DVA inertia. This
consideration ultimately enables the self-weight reduction of
the WLSS in VS-sensitive buildings.

To quantify the achieved steel tonnage reduction for the
case-building, Figures 5(a) and 5(b) are projected onto the
M(a)-mpy 4 plane in Figures 5(c) and 5(d). On this plane, the
intersection of the performance surface with the demand
surface becomes a curve of non-dominated optimal design
points for the bi-objective optimization problem in (2) for
which no further self-weight reduction can be achieved
without increasing the DVA inertia (either the secondary
mass for the TMD or the inertance for the TID) and vice
versa. Thus, the latter curve is a Pareto optimal front
quantifying the optimal trade-off between the required
WLSS material usage (steel tonnage) and the DV A inertia to

achieve compliance to 1ISO6897:1984. While a design en-
gineer can choose to implement any of the optimal designs
lying on the two Pareto fronts, the extreme end of the Pareto
fronts is herein highlighted corresponding to the most
lightweight possible code-compliant WLSS design to
Eurocode 3 [65] and ISO6897 : 1984 codes [6] (i.e., the lower-
bound design in Table 1). The latter design achieves 68.4%
self-weight reduction (i.e., 782.9 Mg savings in steel tonnage)
compared to the upper-bound WLSS design for the case-
study building. This remarkable reduction in material usage
is achieved either by an optimally tuned TMD with 2.83 Mg
additive secondary mass attached to the roof or by an op-
timally tuned ground-floor TID with inertance of 596.1 Mg,
which are both practically reasonable and feasible DVAs
based on the available technology as previously discussed. To
this end, it is worth noting that no further WLSS self-weight
reduction gains can be achieved beyond the lower end of the
Pareto front by increasing further the DVA inertia prop-
erties within the proposed optimization-driven design
framework, as lighter WLSS would not satisfy the ultimate
limit state design requirements based on Eurocode 3 [65].

To gain an appreciation of the embodied carbon savings
achieved by the WLSS-plus-DV A optimal design framework
for the case-study building, a third axis normal to the M(a)-
mpva plane is added to Figures 5(c) and 5(d) measuring
embodied carbon CO, emissions, Eco,, of the WLSS. The
latter has been estimated using the expression

2 2
ECOZ = (1 +wa)<MopZEop,i+Mclecl,i>> (18)
i=1

i=1

where M,, and M represent the steel tonnage of beams
(open UB sections) and columns (close SHS sections) used
in the WLSS of the case-study building, respectively (Ap-
pendix B), and R,y is the waste rate equal to 1% for steel
frame structures according to Gibbons and Orr [72]. Fur-
thermore, E,,; and E,,, are the embodied CO, emissions
due to manufacturing (from cradle to gate) and trans-
portation (from gate to site) for open steel sections, re-
spectively, while E.; and E., are the same for close steel
sections, all taken from [72]. Note that in (18), the embodied
CO, emissions due to construction and other site activities
are neglected, as they only account for a small percentage of
the total embodied carbon in typical building projects [72],
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FIGURE 5: ISO6897 [6] occupant comfort threshold surface versus performance surfaces of optimally designed case-study building in
Figure 2(a) equipped with an optimally tuned (a) top-floor TMD and (b) ground-floor TID. Embodied carbon emissions and trade-offs
between structural self-weights and DVA inertial values of optimally designed case-study building equipped with an optimally tuned (c) top-

floor TMD and (d) ground-floor TID.

and the same holds for the embodied CO, emissions of the
DVAs. Under these assumptions, it is found that the pre-
viously discussed 782.9-tonne steel saving in the WLSS is
equivalent to a 1989.0-tonne reduction in embodied CO,
emissions, corresponding to the consumption of
855237.4litres of 100% mineral petrol or 10.6 million km of
medium car driving, based on published data in [73].
Finally, from the upfront monetary cost viewpoint, the
WLSS-plus-DVA optimal design with a 2.83-tonne TMD is
estimated to reduce the upfront monetary structural ma-
terial cost by £1,558,102 or 68.2% compared to the upper-
bound WLSS design (no DVA). This significant cost re-
duction has been estimated based on published data by Tse
et al. [48] and by the Steel Construction Institute in UK [74],

providing TMD cost per tonne of secondary mass and
construction steel cost per tonne, respectively. For the case of
the TID design with 596.1t of inertance, cost reduction is
expected to be even higher since the upfront cost of such an
inerter device, though not yet commercially available, is
expected to be similar to the cost of a standard viscous fluid
damper device, since the peak inerter force developed is
81.9kN, which can be readily transmitted to the building
foundation without any special structural provisions. As a
final remark, it is important to note that while DV As with
Mpya ™ inertia are readily achievable for the herein con-
sidered case-study building and TMD/TID, this may not
always be practically feasible for structures requiring ex-
cessively large mpy, ™ inertia due to technological or
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TaBLE 3: Formulas relating different sectional properties to cross section areas for steel UB and SHS sections used in the WLSS of the case-

study building in Figure 3(a).
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FIGURE 6: Statistical curve fitting of different sectional properties as polynomial functions of cross-sectional areas given in Table B1 based on

data from standard UB sections [76].

monetary (upfront cost) limitations. For such structures, the
design engineer may choose to consider an optimal design
point on the Pareto front corresponding to a practically/
economically feasible mpya < mpy, ™ value which would
achieve lower self-weight gains from the one that would be
achieved by a DVA with mypy, ™ inertia property.

6. Concluding Remarks

The potential of using dynamic vibration absorbers
(DVAs) for reducing the structural weight of wind load-
resisting structural systems (WLSSs) and the associated
embodied carbon footprint in routine vortex shedding
(VS)-sensitive high-rise buildings has been numerically
established. This was achieved by formulating a novel bi-
objective constrained optimization design framework for
the integrated WLSS-plus-DVA minimum-weight design

to meet crosswind occupant comfort serviceability cri-
teria which govern the global structural design. Fur-
thermore, a versatile numerical strategy has been
proposed for the solution of the optimization-driven
design framework by application of standard structural
sizing optimization and optimal DV A tuning approaches
in a non-iterative and parallelizable fashion. Thus, the
proposed solution strategy allows for a computationally
efficient and readily implementable application of the
integrated design framework by leaving significant lee-
way to structural designers to choose structural sizing
and DVA tuning algorithms, separately, from those
available in commercial and/or research software. In the
paper, a computationally efficient optimality-criteria
(OC)-based approach was used for minimal WLSS sizing
with a frequency constraint, and a non-gradient-based
pattern search algorithm was used for optimal DVA
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design to minimize building floor accelerations to design
crosswind forces accounting for VS effects.

The applicability of the proposed integrated design
framework and numerical solution strategy were exemplified
using a 15-storey steel moment-resisting frame building
designed for structural serviceability and safety as per Eurocode
3 [65] and equipped with two different DV As: a conventional
top-floor tuned mass damper (TMD) or a ground-floor tuned
inerter damper (TID). For each type of DV As, Pareto optimal
integrated WLSS-plus-DVA designs were obtained to dem-
onstrate a remarkably positive trade-off between the steel WLSS
self-weight and DVA inertia property in meeting the service-
ability occupant wind comfort criterion of the ISO6897 building
standard [6]. It was shown that several hundred tonnes of
structural steel can be saved from the WLSS of the case-study
building in meeting occupant wind comfort requirements by
using either a standard linear passive top-floor TMD (with less
than 3 tonne of mass) or a ground-floor TID with inertance of a
few hundreds of tonnes. The latter consideration suggests that
inerter-based DVAs used in conjunction with the herein
proposed framework may be a quite promising new technology
for reducing structural material usage and embodied carbon in
wind-sensitive slender high-rise buildings.

Nevertheless, it is recognized that the reported numerical
results pertain to a single benchmark structure. Although
this structure is representative of modern steel high-rise
buildings, further research work is warranted to quantify the
gains of using different types of DV As in terms of structural
material usage, construction cost, and embodied carbon to
different types of WLSSs in high-rise buildings including

0.1357(w/w, )’
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reinforced concrete, braced steel, concrete-steel composite,
and mass timber structures. In this respect, the proposed
framework may be further tailored and extended to directly
minimize the environmental impact (embodied carbon)
and/or the construction cost of buildings depending on the
construction material and DVA type. Furthermore, the
possibility of extending the framework and solution strategy
to encompass topology optimization aspects as well as a
wider range of energy dissipation devices for building lateral
motion control is also a promising direction for future re-
warding research. In this regard, it is envisioned that the
herein introduced integrated WLSS-DV A design framework
is agenda-setting, serving as a steppingstone towards rec-
onciling vibration control with structural optimization to
achieve ever more resilient (to critical wind loads) and
material-efficient building structures.

Appendix

A. Crosswind Excitation Model Accounting for
VS Effects

The crosswind forces exerted on buildings are commonly
modelled as a zero-mean Gaussian ergodic spatially correlated
random field expressed in frequency domain through a power
spectral density matrix (PSDM), Sgg. In the illustrative example
(Section 5), the analytical PSDM model of Liang et al. [3] for tall
buildings with rectangular footprint is adopted. For the case-
study building with a total height of 49.8m and a square
footprint, the diagonal elements of the PSDM are given as

0.2008(w/w,)’

&
Ser (W) (g, 9] = f

which specify the PSD function of the wind force acting at
the g-th floor slab located at height z, from the ground. In
the previous expression, w, is the VS frequency at z, height
and g, is the RMS of the crosswind force at the g-th floor slab
given as

1 _
0, = —pvfn(zq)CLBAzq, (A.2)

2

where p is the air density taken equal to 1.25kg/m’, C; is the
mean RMS lift coefficient equal to 0.404 for square footprint
buildings, B is the building width in the across-wind direction,
Az, is the tributary height of the g-th floor taken as half the
storey height above floor g plus half the storey height below
floor Q, and vy,(z,) is the mean wind velocity at z, height. The
latter is determined by [66]

Vi (2) = ¢, (2)c, (2)W,, (A.3)

(1 —(w/wq)z)z +0.0630(w/w,)’ (1 —(w/wq)2>2 +2(wlw,)

+ Spa=1215 (A1)

where V), is the basic wind velocity (i.e., the 10 min mean wind
velocity at 10m above open flat country terrain) taken equal to
20m/s, ¢,(2) is the orography factor assumed equal to 1.0, and
¢(z) is the roughness factor based on the Eurocode 1-compliant
logarithmic law and terrain category IV (i.e., urban area in
which at least 15% of the surface is covered with buildings and
their average height exceeds 15m). Furthermore, the VS fre-
quency is determined by

2nStvm(zq)
Wg=——p

in which S, is the Strouhal number taken equal to 0.084 as
experimentally determined by Liang et al. [3] for square
footprint tall buildings. The off-diagonal terms of the PSDM
modelling the spatial correlation of wind forces acting at

floor slabs k and [ are given as [3]

zZ, — 21\?
9kl.74l> ] Sk (@)S; (@).

(A4)

Sprlk, 1] = exp [ (A.5)
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B. Expressing Sectional Properties in terms of
Cross-Sectional Area

To use the iterative sizing algorithm in Section 3.2 for
minimum-weight design of the case-study building’s WLSS,
it is necessary to express all the remaining sectional prop-
erties of each group of structural members as functions of
the cross-sectional areas, a, (n=1, ..., 25), taken as
structural DVs (e.g. [75]). There are 5 such sectional
properties per member group: shear areas Ay, and A, ,
along the cross section’s local y-y and z-z axes, respectively,
second moments of inertia Iy, , and I, , about the major/y-y
and minor/z-z bending axes, respectively, and polar moment
of inertia J; .

For standard commercial UB steel sections used in the beam
members of the case-study building, different polynomial ex-
pressions, reported in Table 3, are derived to relate each of the 5
previous sectional properties to a,, by least-squares fitting to
sectional data [76], as shown in Figure 6. Columns of the case
study are made of welded SHS sections with fixed ratio of plate
thickness, ¢, over outer dimension, w, for which exact analytical
expressions, reported in Table 3, are derived to relate the 5
sectional properties to the corresponding cross-sectional areas.

C.Low-Order Representation of DVA-Equipped
Case-Study Building

To facilitate random vibration analysis of the case-study
building in Figure 3(a) for crosswind excitation, planar
low-order dynamic models are derived from the detailed
finite element models of the WLSS designs, with 15
translational DOFs (one per floor) along a principal
building axis. The low-order models are defined in terms
of lumped/diagonal mass, M’ € R damping
Cl® € R and stiffness K!° € R matrices which
can be used in conjunction with (14)-(16) to find RMS
floor acceleration to crosswind forces defined by means of
the Sgr PSDM defined in Appendix A. The mass matrix,
M5, collects the floor masses for the nominal gravita-
tional load combination per Eurocode 1 [66] (permanent
plus 30% variable actions). Then, the full stiffness matrix,
K!°, is derived such that the natural frequencies and
undamped mode shapes of the low-order model match
exactly those of the first 15 global lateral/translational
vibration modes of the detailed FEM. This is achieved by
solving the following system of eigenvalue equations:

(K = wfpy M. Qg = 0(1 = 1,15), (C.1)

for K!°, in which the vector @ggy; €R™ collects the I-
th translational mode shape (at the centre of each floor slab)
of the detailed FEM along a building principal axis and
wrpMm, 18 the corresponding circular natural frequency (see
also [22]). Lastly, the damping matrix, C;S, is defined as (e.g.,

(77])

C = (O7) ' Cppog (@), (C2)
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where ® € R™*"° is the modal shape matrix collecting all 15

mode shapes of the low-order model and C, .4 € R'>!* isa
diagonal matrix with main diagonal elements
Crnoa L1 = 20, (9 M ;) (I = 1,15), (C.3)

in which w; is the I-th circular natural frequency of the
low-order model and & is the corresponding modal
damping ratio. The latter is taken equal to 1% for the first
mode shape in line with ISO 4354:2009 guidelines for
steel buildings. Increasing modal damping ratios for
higher modes are assumed, equal to 2% for [ =2,3; 4% for
1=4,5,6;8% for [=7,8,9; 16% for [ =10,11,12; and 32% for
[=13,14,15, to account for the anticipated greater par-
ticipation of non-structural components in the inherent
structural damping higher mode oscillations (see [78]
and reference therein).

The mass, damping, and stiffness matrices of the low-
order WLSS model equipped with either a top-floor TMD or
a ground-floor TID used in the illustrative example (Section
5.3) can be written as

16 T
My, = M + mpyaIielis,
T T
16~ 116Id)’

16 T T T T
Koy = K" + kDVA(Il6116 + 1Ll — Tl — 116Id)’

Ciow = C,° + CDVA(ImIlTs * Idlg - 1,1 (C.4)

where the subscript “4” denotes the number of the floor on
which the DVA is installed. For top-floor TMD, d =15, while
for ground-floor TID, d=1. In (C4), the column vectors
I, € R'®! and I, € R'®! have zero entries except for the d-th
and last entries, respectively, which are equal to one. Fur-
thermore, M® € R!*16, Cl¢ € R'I® and K¢ € R'*'® are
MP, CP, and K matrices, respectively, augmented by an
additional (bottom) row and (rightmost) column with zero
entries. In this setting, the 16™ DOF of the low-order model of
DVA-equipped WLSSs corresponds to the DVA. The latter is
not subjected to an external wind load as the device is internally
housed. Therefore, in using the matrices in (C.4) together with
(16) to find RMS floor acceleration to crosswind forces, the
excitation Sgg PSDM in (14) is augmented by an additional
bottom row and a rightmost column with zero entries.
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