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A B S T R A C T

Performance requirements concerning serviceability often govern the design of high-rise structures. While
various methods have been proposed for obtaining optimal systems that meet serviceability constraints set on
the performance of non-structural components, e.g. the cladding system, methods are still lacking for optimizing
under constraints aimed at ensuring occupant comfort. This is especially true for systems whose performance is
assessed within modern performance-based design frameworks that consider a full range of uncertainties, in-
cluding wind loads modeled as stochastic processes. This paper is focused on the development of a novel op-
timization framework for overcoming these limitations. The method is based on constructing an adaptive kriging
metamodel of the probabilistic performance metric of interest in the low-dimensional modal space of the system.
By then relating this space to the design variables, an approach is defined that can handle a wide class of
occupant comfort metrics within high-dimensional spaces of design variables and uncertain parameters.

1. Introduction

The design of high-rise structures is often governed by wind-induced
limit states on serviceability performance that aim to ensure the in-
tegrity of the interior and exterior finishes, i.e. cladding system, as well
as the comfort of the building’s occupants. This last can also be a critical
limit state in the case of low-rise buildings equipped with base isolation
devices [1–4]. Indeed, these devices have the effect of decreasing the
fundamental vibration frequencies of the structure, therefore increasing
sensitivity to wind induced vibrations. While limit states associated
with the interior and exterior finishes are often in terms of interstory
drift, occupant comfort is in general related to the acceleration response
of the system [5–7]. Various measures of acceleration have been con-
sidered as indicators of possible occupant discomfort including peak
values, standard deviations, and rate of acceleration change (i.e. jerk)
[8–10]. Once a measure of acceleration has been identified, the pro-
blem becomes the need to limit this measure during the design process.

A common approach to this end is to add auxiliary damping devices
to the structural system [11]. In alternative, a number of studies have
proposed methods that directly optimize the structural system in order
to meet the acceleration targets [12–15]. These approaches are cen-
tered on the observation that the acceleration response of a typical
wind-excited high-rise building can be effectively reduced by increasing
the system’s fundamental natural frequencies [12]. In this respect,
methods have been developed for deterministic systems subject to
constraints on both standard deviation and peak accelerations [12,13].

Methods have also been developed that allow for the treatment of
system uncertainties using traditional reliability models [14,15].
However, approaches that allow for the optimization of uncertain high-
rise structures subject to wind loads modeled as general stochastic
processes have yet to be developed. Such models would allow for the
optimization of high-rise systems whose performance is described in
terms of recently proposed simulation-based probabilistic performance-
based design (PBD) frameworks (e.g. [7,16–20]). They would also cir-
cumvent the limitations and complexities involved in describing com-
binations of peak wind effects, e.g. resultant accelerations, through
upcrossing rates based on the Rice formula and its variants [21,22].

A major challenge to the development of such a framework is the
need of methods that can treat high-dimensional (order of thousands)
uncertain spaces—necessary for the modeling of the stochastic pro-
cesses—together with high-dimensional design spaces (order of hun-
dreds), which typically characterize the design of high-rise systems.
Indeed, while a number of robust simulation-based optimization stra-
tegies exist that can handle constraints on accelerations over high-di-
mensional uncertain spaces (e.g. [23–28]), these methods are generally
limited to low-dimensional design spaces, i.e. a dozen or so free design
parameters [29]. For example, methods based on building local or
global metamodels in the space of the design variables are limited by
the need to directly explore, globally or locally, the design space during
the construction of the metamodel. This fast becomes computationally
prohibitive as the number of free parameters increases. A similar curse
of dimensionality will in general affect methods based on local
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approximations constructed from the gradients of the performance
functions. Indeed, these last are generally implicit functions of the de-
sign variables that require a probabilistic analysis for their evaluation.
As the number of free parameters grows, so does the computational
effort necessary for the evaluation of the gradients. To avoid the esti-
mation of the gradients, genetic/evolutionary algorithms have recently
been used in optimization of structures subject to general stochastic
wind excitation [30]. However, these methods become computationally
challenging in the case of large-scale finite element models as genetic/
evolutionary algorithms generally require thousands of evaluations of
the performance functions for convergence. This is especially true in the
case of high-dimensional design spaces [31]. In fairness, it should be
observed that these limitations are, broadly speaking, a consequence of
the generality of the above outlined methods. Indeed, many are de-
signed to handle general objective/constraint functions as well as non-
linearity in the system responses.

This paper is focused on the development of a novel optimization
strategy that can overcome these limitations in the specific case of
uncertain high-rise structures subject to stochastic wind loads.

2. Occupant comfort in high-rise buildings

2.1. Assessment of occupant comfort

The assessment of occupant comfort performance of a high-rise
structure generally requires that a measure of the acceleration response,

̂a , be estimated and compared to a target value, ∼a , for a windstorm of
mean recurrence interval (MRI) y. If ̂a is treated as a random variable,
i.e. uncertainties are considered in the system parameters and wind
excitation, the preceding statement implies that a designer must ensure
that the following inequality is true:

= > ⩽∼ ∼ ∼P a P A a y P( ) ( | )y yexc| exc| (1)

where ∼P a( )yexc| is the probability that the acceleration response ̂a ex-
ceeds the target value ∼a conditional on an event of MRI y, while ∼P yexc| is
the acceptable conditional exceedance probability that must be chosen
by the designer, or more in general, the stakeholder. In writing Eq. (1),
it should be observed that ̂a is intended here as a general measure of
acceleration response that can depend on complex phenomena related
to the sensitivity of the human body to vibrations at different fre-
quencies. Indeed, many international standards define ∼a as a function
of the frequency response of the building (e.g. [32]), while recent
studies have also discussed the use of total frequency weighted accel-
erations [4]. The assessment of occupant comfort performance within
this setting therefore requires the estimation of the following prob-
abilistic integral:

∫= − = −∼ ∼P a F a f y du u( ) 1 ( ) 1 ( | )y A y D hu uexc| | ( ) | (2)

where F A y| is the conditional distribution function of A u, is a vector
of random parameters modeling the uncertainties in the system para-
meters (e.g. damping, natural frequencies, etc.) as well as the external
wind excitation, f yu| is the conditional joint probability density function
of u, while D u( ) is the domain in which ⩽ ∼A a . If the stochastic nature
of the external wind excitation is explicitly modeled (as in this work),
then the probabilistic integral of Eq. (2) will be high-dimensional and
therefore generally require estimation using robust simulation methods
such as Monte Carlo or Subset Simulation.

Instead of writing the performance requirement of Eq. (1) in terms
of probabilities, it is often convenient to write it in terms of the ac-
celeration quantile with conditional exceedance probability ∼P yexc| .
Under these circumstances, the performance requirement of Eq. (1)
takes the form:

̂ ⩽ ∼a P a( )yexc| (3)

where ̂a P( )yexc| is the acceleration quantile that can be estimated as:

̂ = −−a P F P( ) (1 )y A y yexc| |
1

exc| (4)

where −FA y|
1
 is the inverse conditional distribution function of A. The

two formulations of the performance requirement are equivalent. From
the standpoint of optimization, the formulation of Eq. (3) can be pre-
ferable, as constraints written in terms of quantiles instead of prob-
abilities often provide superior convergence behavior [33].

2.2. Optimization problem

The design of an engineering system generally consists in assigning
values to a set of free parameters x (e.g. the section sizes in structural
design) that ensure the satisfaction of a number of performance ob-
jectives (e.g. the performance requirements of Eq. (1) or Eq. (3)) while
minimizing the overall cost, C, of the system. With respect to the oc-
cupant comfort problem of Section 2.1, this design problem can be
written in the form of the following optimization problem:
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where ̂aj is the jth acceleration-based occupant comfort performance
measure of interest, Nc is the total number of constraints, ∼aj is the
corresponding threshold value, while �m is the interval to which the
mth component of the design variable vector must belong.

For problems characterized by a large number of design parameters,
e.g. the structural design problems of this work, the resolution of the
optimization problem outlined above is not straightforward due to the
complexity of the constraint functions. Indeed, not only are the con-
straints implicit in x, therefore significantly hindering gradient eva-
luation and hence gradient-based optimizers, but they also require a full
probabilistic analysis (e.g. a Monte Carlo simulation) for their evalua-
tion, therefore significantly hindering the use of evolutionary-based
optimizers, which require repeated evaluation of the system.

To overcome this fundamental difficulty, methods are required for
accelerating the evaluation of the constraint functions for any given
design, i.e. value of x. In this work, an approach based on adaptive
kriging will be introduced that allows for the rapid evaluation not only
of the constraint functions, but also of their gradients with respect to x.
This will allow the use of efficient gradient-based optimizers therefore
enabling rapid resolution of the optimal design problem of Eq. (5).

3. Response and wind load modeling

3.1. Response model

In general, the acceleration response of a structural system can be
estimated within a modal framework. This approach entails estimating
the structure’s first n modal acceleration responses q t¨ ( )i for = …i n1, , .
These last can be determined by solving the following n independent
modal equations, where, without loss of generality, the uncertain modal
parameters are decomposed into a deterministic (nominal) component
and a random fluctuation:
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where: qi and qi̇ are the ith mode’s displacement and velocity response;
ξ ω m, ,i i i, and ϕi are the nominal values of the ith mode’s damping
ratio, natural circular frequency, generalized mass and mode shape;
δξ δω δm, ,i i i, and ϕδ i are the random fluctuations of the ith modal
parameters around their nominal values; Vy is the wind speed at top of
the building with an MRI of y years; α is the direction of the wind event;
while f is a vector of stochastic wind loads evaluated for α and Vy. To
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