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ABSTRACT

Structural optimization plays certain role from concept development, numerical algorithm to practical solution
in the performance and life-cycle based structural engineering. This presentation briefly reviews the history of
structural optimization and its application in civil engineering. Structural topology optimization and surrogate
model-based optimization approach together with metaheuristic algorithms is discussed in more detail. The
relation of structural optimization with performance based and life-cycle based structural design is illustrated
through some of our research work on reliability-based design optimization and damage-reduction optimum
deign of structural system. These works provide some optimization methodology, design concept and numerical

algorithms, which may facilitate the performance based and life-cycle based structural engineering.

KEYWORDS

Structural optimization with uncertainty, performance-based design, topology optimization, reliability-based

design optimization, damage-reduction optimum deign.

INTRODUCTION

History of structural optimization can be traced back to the early work by Michell (1904). In 1950-1960s, a
surge of study on structural optimization was observed in the literatures. Optimum designs of elastic truss, frame,
grillage and structural element such as beam, column and plate attracted a great attention in structural
engineering community and were solved by analytic approach and variational method (Rozvany and Prager,
1979; Rozvany 1989). It is interesting to note that many well-known researchers of structural optimization such

as Prager and Rozvany have the background of civil engineering.

Since 1960°s the advent and fast development of modern computer together with the finite element method and
mathematical programming pushed the numerical method of structural optimization to the central stage of
modern structural optimization. In late 1970’s and 1980’s there were two major numerical approaches: both
Optimality Criterion approach and Mathematical Programming were the hot research topics. The approximate
concept (Schmidt 1976) and sequential approximate programming such as SLP (Sequential Linear

Programming), SQP (Sequential Quadratic Programming), SCP (Sequential Convex Programming) (Fleury



1986) and MMA(Method of Moving Asymptotic) (Svanberg 1987) were developed. As these methods are
gradient-based optimization algorithm, an efficient sensitivity analysis is critical (Arora 2004). In FEA (Finite
Element Analysis) context, the DSA (Direct Sensitivity Analysis), Adjoint Sensitivity Analysis and SAM
(Semi-Analytic sensitivity Method) (Cheng and Liu 1987; Pedersen et al. 1989) were developed for structural
size and shape optimization. Soon after, the specific software was developed for the numerical solution of large
scale structural optimization problems. Application of structural optimization becomes more frequent in areas
such as aeronautic and aerospace industries. Serious attempts, including teaching structural optimization in
classroom and introducing students the new technology, were also made to expand its application in civil

engineering (Hernandez et al. 2015).

In theoretical aspect, several progresses were seen in 1980’s. Study on the bimodal optimum design of clamped
column (Olhoff 1977) opened the way of the non-differential sensitivity analysis of multiple eigenvalues. It was
later found that many optimum structures have multiple buckling loads or vibration frequencies. Optimum
design of thin solid elastic plate for minimum compliance (Cheng and Olhoff 1981) pointed out the need of
including microstructure in the optimization formulation, which was recognized as pioneering work of the

modern topology optimization.

Nevertheless, a widespread application of structural optimization remains quite challenging in civil engineering.
There are many reasons. First of all, design problem in civil engineering usually involves a very large number of
constraints and design variables. Many design constraints are from the design code provision and are mostly not
given in the form of algebraic or differential equations. The values of design variables are often discrete and
limited within the list given by industrial standard. Structural weight is only a part of design objective,
sometimes less important than the cost of construction, manufacture and attached facility in the building. The
mathematical formulation of structural optimization in civil engineering is much more complicated than that in
the other engineering field. Moreover, it is often difficult to isolate one structural part from the whole structural
system. Voices from civil engineering community continuously press the structural optimization community to
tackle real engineering problems instead of simple academic examples. New benchmark optimization problems
were proposed and discussed in recent literatures (Alimoradi et al. 2010, Mueller et al. 2012).). On the other
hand, there were already a number of well-developed softwares in civil engineering providing optimization
function for specific type of structures. For example, the member size optimization of tall buildings is a
well-established field of application for large scale optimization algorithms. In such cases where the initial cost
of construction is high, the economic advantage of optimal engineering design is obvious. Research in this area

has been vigorously explored since the early 1990°s.

In recent years, two important developments in structural optimization open a new perspective to its application
in the area of civil engineering. One is the fast development of structural topology optimization, which will be
elaborated in the next section. Another is the surrogate model based optimization approach together with the
emerging meta-heuristic algorithms, made possible by ever increasing computational power available in daily

design activities.

The surrogate model based optimization approach relies on the results of physical experiment or expensive
numerical simulation for the given structural system at a number of sample points. With a well-designed DOE
(Design Of Experiment), such data can help construct approximate mapping between the interesting input

parameters and the structural response output, i.e. a surrogate model. Then numerical optimization techniques



are applied to find the optimum designs of the surrogate model, which is rough approximation of optimum
design of the original optimization problem. For this approach to help practical engineering design, it has
following general requirements:
Designer has reliable software as a black box for the problem analysis
Designer manages to formulate the optimization problem, that is, to identify a reasonable set of critical
design variables and important structural response to be constrained or included in objective function.

This can be obtained from analysis software or the user self-coded algorithm.

The emerging meta-heuristic algorithms (Kaveh and Talatahari2009; Saka and Geem 2013), such as GA
(Genetic Algorithm), PSO (Particle Swarm Optimization), colony optimization, chaos optimization algorithm
(Yang et al. 2007; Yang et al. 2014) and tabu search etc., are strong complementary methods of gradient-based
optimization. They have provided alternative tools to engineering designers, in particular for design
optimization problems under design code provisions and discrete design variables encountered in engineering
practice. However, the efficiency of meta-heuristic algorithm remains to be further improved. It is often seen
5000 calls of structural analysis is carried out for an optimum solution by the meta-heuristic algorithm. It is
interesting to remember that structural optimality criterion people strived for obtaining optimum design by 10

calls of structural analysis in 1980s.

CONTINUUM STRUCTURAL TOPOLOGY OPTIMIZATION AND BUILDABILITY

Classical structural topology optimization originates from the study of minimum weight design of truss structure
under stress constraints (Michell 1904). The classical Michell truss theory was then further elaborated and a set
of elegant analytic solutions was obtained under various boundary and external load conditions (Rozvany 1989).
One important result is that under single static load case and symmetric stress constraints (i.e., the strength limit
for tension and compression are the same), the corresponding optimal truss structure is statically determined. It
is also found that if the parameters involved in the optimization problems being scaled appropriately, this
optimal design also coincides with the optimal design for minimum compliance and the optimal design of
rigid-plastic truss structures under available volume constraint. When this classical truss topology optimization
under stress constraints and multiple load cases is solved by ground approach (Sved and Ginos 1968), however,
it is surprising to discover that global optimal topology cannot be reached by continuous gradient-based
optimization algorithms. This so-called singular optimum was now understood as caused by the possible
discontinuity of the stress constraint function when topology change occurs (Cheng and Jiang 1992) and could

be solved by relaxing the stress constraint in mathematically rational ways (Cheng and Guo 1997).

Modern continuum structural topology optimization was initiated by Bendsoe and Kikuchi in 1988. Since
topology optimization provides an effective approach for finding optimum connection of continuum structure,
topology optimization techniques are quickly becoming recognized as a powerful tool for conceptual design in
various engineering areas. Several methods of structural topology optimization are available. Homogenization
method (Bendsoe and Kikuchi 1988) assumes the structure to be optimized consists of material with
microstructure of given configuration, in which microstructure parameters are chosen as the design variable.
Meanwhile, size optimization techniques are applied to obtain optimum microstructural parameter, which
determines material distribution and structural topology. The macrostructure effective coefficients corresponding
to the material microstructure is obtained by mathematical asymptotic homogenization method. Many research

work focuses on minimum structural compliance design under the given material volume constraints, which
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generates the most efficient force transmission path. Though this method results in structural topology in which
the intermediate density can be related to porous material, the method is time consuming. SIMP (solid isotropic
material with penalty) (Zhou and Rozvany 1991) is the most popular method to speed up and simplify this
general approach. In SIMP, an artificial relation between material density and Young modulus is assumed
instead, and a penalty is imposed on the artificial relation to push the element density either zero or one. Since
the implementation of this approach is straightforward, the method is widely applied to multiphysical topology
design problems. Other feasible methods include the Evolution method (Xie and Steven 1993) and the level set
method (Wang et al. 2003).

Even with the great success of SIMP, numerical implementation of topology optimization has encountered many
problems. Most common ones are treatment of grey elements, checkerboard design, and mesh-dependent
solution in minimum structural compliance design. Appearance of hinge and disconnect design in optimum
compliant mechanism design is also difficult. Similarly, singular optimum needs to be treated carefully in
stress-constrained and frequency-constrained optimum topology design. Furthermore, many 3D topology
optimization results are simply difficult to visualize, let alone manufacture. From the viewpoint of engineering
application, these problems all are part of the manufacturability or buildability, critical to turn topology
optimization results into reality application. A solution with many grey elements or checkerboard areas is
difficult to use for extracting manufacturable design. Therefore, linear density filter and sensitivity filter were
developed to reduce the checkerboard solution but led to higher number of grey element. The nonlinear
Heaviside filter removes the grey element and yields black-white final design. Moreover, the parametric
nonlinear Heaviside filter (Xu et al. 2010) further stabilizes the iteration history. To control the minimum and
maximum length or special feature in the final topology design, the projection method and robust design
approach was also studied. Recently, Guo and his co-workers (2014) proposed morphable component method
that has great potential to control structural features and addresses constructability, extending further the
level-set based concepts. Nevertheless, manufacturability is still a great challenge that is further complicated by

the requirement of special manufacturing process or new manufacturing techniques.

In the field of civil engineering, topology optimization already finds good usage in conceptual high-rise building
design by systematically exploring the structural design space for efficient, novel structural layouts (Bobby et al.
2015). The lateral bracing systems are under study for its optimum topology (Stromberg et al. 2012).
Manufacturing constraints such as pattern gradation and repetition are studied to facilitate the conceptual design
for buildings, i.e. layout optimization (Stromberg 2011). There are also the growing interests in the architectural
community to make topology optimization as a means of generating aesthetic and efficient structural forms
(Beghini et al. 2014), as well as searching for design methodologies that facilitate weight reduction of concrete
structures while maintaining the required load-carrying capacity. Overall, expansion of structural topology
optimization is necessary for its wider application in civil engineering. For example, the existing structural
topology optimization formulation mostly addresses the linear elastic and deterministic problem. However,
topology optimization problem with consideration of uncertainty, structural non-linear and dynamic response
needs further study.

RELIABILITY-BASED STRUCTURAL OPTIMIZATION AND SEQUENTIAL APPROXIMATE
APPROACH

Traditional structural optimization commonly deals with deterministic optimization. However, there are many
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inherent uncertainties in the real-world environment of civil engineering structures. If uncertainties are
neglected there is a possibility that the final optimum designs may perform unsatisfactorily. Commonly referred
to as RBDO (reliability-based design optimization) in structural optimum design, it has several formulations to
address inherent uncertainty (Cheng et al. 1998). When the reliability index is applied to describe the
probabilistic constraint, the so-called RIA (reliability index approach) for RBDO is stated as:

min cost(X)

st BEr<B(X) (j=1..N,) 1)
XF<X<Xx?

In the following, we take one formulation as an example to review these approaches. In general, the solution of
this formulation needs the simultaneous solution of an optimization problem and calculation of the reliability
index, which involves another optimization problem. Many solution approaches have been developed in the
literature. In general, RBDO approaches are divided into three categories: double loop approaches, single loop
approaches and decoupled approaches based on how the two optimization problems are handled. Methods based
on decoupling the optimization loops for the reliability analysis allow the adoption of efficient deterministic
optimization algorithms to be applied after results of the reliability analysis being available. This kind of
decoupling method has received considerable discussion (Royset et al. 2001; Du and Chen 2004). Instead of

introducing them in details, here we concentrate on the sequential approximate programming approach.

Sequential approximate programming (SAP) approach in structural optimization developed in 1980s’ and solved
the general nonlinear mathematical programming. For simplicity of discussion, we show the approach by

optimization problem with only one inequality constraint,

To find X
min f (X) )
st. g(X)<0
The sequential approximate programming solves the problem by solving a sequence of sub-optimization
problems, that is,
for k=1,2,...
To find X*
min f*(X)
s.t. g6(X)<0

The objective and constraint function in Eq. 3 is the approximation of their corresponding one in Eq. 2 and their

G)

approximation should be improved with the iterations. For example, f4(X) is chosen as the linear approximation
in the vicinity of X*! obtained in the previous (k-1)th iteration. Quadratic approximation and diagonal quadratic
approximation are examples. By introducing the carefully constructed transformation of design variable and
objective or constraint function, many variant algorithms were developed in the literature, and some of them are
very efficient. For example, the method of moving asymptotic (MMA) is mostly often applied in structural

topology optimization.

The success of SAP drives us to propose a sequential approximate programming for RBDO, which solves a

sequence of approximate programming as
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fork=1,2,...

min cost* (X)

s.t. ﬂj““""” < /3’;‘ (X) (j = 1,...,Np)
XX <X <X <xV

4)

The question here is how to construct the approximate functions of the reliability index constraint function in
RDBO. The commonly-used linear approximation requires reliability index value and its sensitivity at the
(k-1)th iteration, which is difficult to obtain. Instead, we use approximate reliability index and its sensitivity at

(k-1)th iteration to construct the approximate reliability index constraint function.

B (X)~ B(X)+(V,5(x)) (X-X) 5)

g (qu ’uk—l ) . (Vug (kal ’uk—l ))T e
V.g (Xk—l,uk—l )H

px)-

(6)
where u is the most probable failure point (MPFP) of the limit state surface in u-space. The (k-1)th estimation of
MPFP u*! for the design X*! is reserved and substituted into Eq. 6 to obtain a updated estimation u* for the

design X*, which will be used in the next iteration.

k _  pfxk-! \ g(XlH’ukil)
u = ’B(X ) vug(Xk—l,uk—l) o

ey Vug (Xk—ljuk—l)
Vllﬁ)(X )_ Vug (Xk_l,uk_l) (8)

Due to the space limitation, more detailed description is referred to (Cheng et al. 2006; Yi and Cheng 2008). The
above method can be applied to performance measure approach (PMA), in which the performance measure is
applied to describe the probabilistic constraint. From numerical tests of several structural examples, its
efficiency were reported in literatures such as Aoues and Chateauneuf (2010). The basic idea of SAP is also
applied to solve size and topology optimization with reliability constraints based on probablity and
multi-ellipsoid convex model hybrid model (Kang and Luo 2010). to minimize the economic cost under many
ncertainty factors in an efficient manner. Here, the multi-ellipsoid convex modeling technique is developed as
a powerful tool to cope with bounded uncertainty arising from different sources (Kang and Luo 2009). When the
random parameters are known for engineering system, the reliability-based design optimization based on classic
probability theory performs well for this type of problem (Liu et al. 2014). The performance of these algorithms,
including accuracy, efficiency and robustness, are the key of the RBDO. It is worthy to note that Yang and his
colleagues (Yi and Yang 2009; Yang and Xiao 2013) investigated the essential reasons of iterative failure of
some widely used algorithms in reliability analysis and design optimization and so on, such as FORM (first
order reliability method), PMA, SAP with PMA based probabilistic optimization, SORA (sequential
optimization and reliability assessment) based on the theory of nonlinear dynamics, and discovered the chaotic
dynamics mechanism of period oscillation, bifurcation and chaos of iterative solutions. Further, they suggested
the stability transformation method (STM) of convergence control for these iterative algorithms from the new

perspective of chaotic control. To enhance the efficiency and performance of RBDO with STM for convergence
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control, Li and Meng et al. developed the modified STM through relaxing the iterative step size of radial
direction and adaptively determining the control factor of STM with respect to PMA for probabilistic constraint
estimation in RBDO (Li et al. 2015).

PERFORMANCE BASED STRUCTURAL DESIGN AND DAMAGE-REDUCTION DESIGN

In later 1990’s, I learned the concept of performance-based seismic engineering and its importance to the future
engineering design. Performance-based engineering (PBE) is a general methodology that allows designers to
conceive and assess the performance of complex structural systems subject to various hazards by rigorously
taking into account the pertinent uncertainties (Cornell et al. 2002; Bozorgnia and Bertero 2004; Fischinger
2014). With the PBE approach, the designer can define the performance objective for the structural system
during its desired/expected design life, and take advantage of specific criteria and methods for verifying that the
agreed performance objectives are met. To realize performance-based structural design the optimization
methodology is one of the most important ingredients from the concept formulation of PBE to numerical
algorithm. Many works have been accomplished in performance-based earthquake engineering over the past two
decades. The related processes have been established that facilitate probabilistic seismic hazard analysis,
evaluation of relevant engineering demand parameters through advanced modeling and nonlinear response
history analysis, quantification of damage measures and associated repair/replacement costs at the component
level, and aggregation of losses for structural and nonstructural systems. The outcome of performance-based
earthquake engineering is a probabilistic assessment of direct economic loss and collapse failure due to

earthquake action.

There are two different formulations for optimization considering the balance of cost and benefit. One

formulation is written as (Cheng and Li 2000)
Find X
min W(X) =C(X)+P, (X)C,
st. P (X)< [P_,J
g,(X)<0, j=1,2,...m

)

System reliability in this formulation introduces additional computational complexity to RBDO, especially
when the limit-states have statistical dependence. To apply this formulation, we need to know the system
reliability and the system failure cost, which are difficult to obtain. Many researchers (Royset et al. 2001; Liang
et al. 2007) made important contribution for the numerical algorithms of RBDO with system reliability.
Furthermore, minimizing the system reliability often leads to simultaneous failure design, i.e. all failure modes
have the same failure probability, or, a uniform strength design. However, in a system life cycle, various hazard
and various limit state caused different damage and different economic loss. Therefore, in many cases, it is more
rational to solve the following optimization formulation,

Find X

min W(X) = C(X)+ ZPPf, (X)¢;, (10)

st. P(X)<[P, ], i=12,..n,
g,(X)<0, j=1,2,..m
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It is interesting to note that under this formulation, the optimum design of Eq. 10 has different failure probability
for different failure modes. For low failure cost component or limit state, we could allow high failure probability.
This observation leads to the concept of damage-reduction-based seismic design, or fuse design of structural
system. Here, the structural system is either physically or functionally designed as two parts, the main-function
part and the damage reduction part (Li and Cheng 1998). The main-function part satisfies the serviceability
requirements of the structural system. The damage-reduction part composes of several damage reduction
elements, which work under hazard loads to ensure the safety of the main-function part, and further maintain the
serviceability of the structural system by specific damage-reduction techniques or even by failure of
damage-reduction elements. The formulation of damage-reduction optimum design for seismic high-rise
structures is presented in (Li and Cheng 2003), in which damage-reduction design examples of RC frames are
examined. The optimal design results show that several measures of structural seismic performance, including
the life-cycle cost, severe earthquake action and the story-drift reliability index of the weakest story, can be
improved by damage-reduction design compared with conventional design. Finally, it is pointed out that, the
idea of damage-reduction structure with sacrificing the secondary damage-reduction part or components such as
energy dissipated damper, supporting or link beam is fairly similar to that of earthquake resilient structure
(Fischinger 2014). Optimum design of resilient structure is a promising direction to performance based

structural engineering.

FINAL REMARKS

Performance based and life-cycle based structural engineering covers a broad area of research activities and
technical advancement. Structural optimization provides theory and algorithm from concept development,
numerical algorithm to practical solution in PLSE. Abundant publications on these topics are available, and

author is sorry for being not able to cover many other important works herein.

ACKNOWLEDGMENTS

The author gratefully acknowledges the financial support provided by the National Natural Science Foundation
of China (Grant No. 11332004). Also, the author would like to express sincere thanks to Professors Gang Li,
Dixiong Yang and Ping Yi of Dalian University of Technology and Dr. Lei Jiang of Intel Corporation for their
help in the preparation of this paper.

REFERENCES

Alimoradi A., Foley, C.M. and Pezeshk, S. (2010). “Benchmark problems in structural design and performance
optimization: past, present, and future - Part I, Proceedings of 19th Analysis and Computation Specialty
Conference, May 12—15, Orlando, Florida.

Aoues, Y. and Chateauneuf, A. (2010), “Benchmark study of numerical methods for reliability-based design
optimization,” Structural and Multidisciplinary Optimization, 41, 277-294.

Arora, J.A. (2004). Introduction to Optimum Design, New York, Elsevier.

Bendsge, M.P. and Kikuchi, N. (1988). “Generating optimal topologies in structural design using a
homogenization method”, Computer Methods in Applied Mechanics and Engineering, 71(2), 197-224.

Beghini, L. L., Beghini, A., Katz, N., Baker, W. F., and Paulino, G. H. (2014). “Connecting architecture and

engineering through structural topology optimization”, Engineering Structures, 59, 716-726.

15


http://www.sciencedirect.com/science/article/pii/0045782588900862
http://www.sciencedirect.com/science/article/pii/0045782588900862
http://www.sciencedirect.com/science/journal/00457825
http://www.sciencedirect.com/science/journal/00457825/71/2

Bobby, S., Spence, S.M.J., Bernardini, E. and Kareem, A. (2015). “Performance-based topology optimization
for buildings under wind and seismic hazards”, Proceedings of ASCE Structures Congress, 2218-2229
Bozorgnia Y, Bertero VV, eds. (2004). Earthquake Engineering: from Engineering Seismology to

Performance-based Engineering, Boca Raton, CRC Press.

Cheng, G.D. and Guo, X. (1997). “e-relaxed approach in structural topology optimization”, Structural
Optimization, 13 (4), 258-266.

Cheng, G.D. and Jiang, Z. (1992). “Study on topology optimization with stress constraints”, Engineering
Optimization, 20 (2), 129-148.

Cheng G.D. and Li, G. (2000). “Some key problems on performance-based seismic design”, Journal of Building
Structures, 21, 5-11.

Cheng G.D. and Liu Y.W. (1987), “New computational scheme of sensitivity analysis”, Engineering
Optimization, 12( 3), 219-234.

Cheng, G.D. and Olhoff, N. (1981). “An investigation concerning optimal design of solid elastic plates”,
International Journal of Solids and Structures, 17(3), 305-323.

Cheng, G.D., Xu, L. and Jiang, L. (2006). “A sequential approximate programming strategy for reliability-based
structural optimization”, Computers and structures, 84 (21), 1353-1367.

Cornell, C.A., Jalayer, F., Hamburger, R. O. and Foutch, D. A. (2002). “Probabilistic basis for 2000 SAC
Federal Emergence Management Agency steel moment frame guidelines”, Journal of Structural
Engineering, 128(4), 526-533.

Du, X.P. and Chen, W. (2004). “Sequential optimization and reliability assessment method for efficient
probabilistic design,” Journal of Mechanical Design, 126(2), 225-233.

Fischinger, M., ed. (2014). Performance-Based Seismic Engineering: Vision for an Earthquake Resilient Society,
Dordrecht, Springer.

Guo, X. and Cheng, G.D. (2010). “Recent development in structural design and optimization”, Acta Mechanica
Sinica 26 (6), 807-823.

Guo, X., Zhang, W.S. and Zhong, W.L. (2014). “Doing topology optimization explicitly and geometrically—a
new moving morphable components based framework”, Journal of Applied Mechanics, 81(8), 081009.
Hernandez, S., Fontan, A., Diaz, J. and Baldomir, A. (2015).“Structural optimization in civil engineering

classroom: a twenty-year experience report”, Proceedings of ASCE Structures Congress, 2613-2621.

Kang, Z. and Luo, Y. (2010) “Reliability-based structural optimization with probability and convex set hybrid
models”, Structural and Multidisciplinary Optimization, 42(1), 89-102.

Kang, Z. and LuoY. (2009). “Non-probabilistic reliability-based topology optimization of geometrically
nonlinear structures using convex models”, Computer Methods in Applied Mechanics and Engineering,
198(41), 3228-3238.

Kaveh, A. and Talatahari, S. (2009). “Particle swarm optimizer ant colony strategy and harmony search scheme
hybridized for optimization of truss structures”, Computers and Structures, 87(5-6), 267-83.

Li, G. and Cheng, G.D. (1998). “Rethinking of concept of structural design against natural hazard based on
damage-reduction mode”, Journal of Dalian University of Technology, 38 (1), 10-15.

Li, G. and Cheng, G.D. (2003). “Damage-reduction based structural optimum design for seismic high-rise
structures”, Structural and Multidisciplinary Optimization, 25(4), 294-306.

Li, G, Meng, Z. and Hu, H. (2015). “An adaptive hybrid approach for reliability-based design optimization”,
Structural and Multidisciplinary Optimization, 51(5), 1051-1065.

Liang, J., Mourelatos, Z.P. and Nikolaidis, E. (2007) “A single-loop approach for system reliability-based
design optimization”, Journal of Mechanical Design, 129, 1215-1224.

16


http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:u5HHmVD_uO8C
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:u-x6o8ySG0sC
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:eQOLeE2rZwMC
http://www.sciencedirect.com/science/article/pii/0020768381900652
http://www.sciencedirect.com/science/article/pii/0020768381900652
http://www.sciencedirect.com/science/journal/00207683
http://www.sciencedirect.com/science/journal/00207683/17/3
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:9yKSN-GCB0IC
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:9yKSN-GCB0IC
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:UebtZRa9Y70C
http://www.sciencedirect.com/science/journal/00457825
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&cstart=100&citation_for_view=vT3xPScAAAAJ:HoB7MX3m0LUC
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&cstart=100&citation_for_view=vT3xPScAAAAJ:HoB7MX3m0LUC

Michell, A.GM. (1904). “The limits of economy of material in frame structures”, Philosophy Magazine, 8,
589-597.

Mueller, K., Gustafson, M. and Ericksen, J. (2012). “A practicing engineer’s view at benchmark problems in
structural optimization”, Proceedings of 20th Analysis & Computation Specialty Conference, 288-299.
Olhoff, N. and Rasmussen, S.H. (1977). “On single and bimodal optimum buckling loads of clamped columns”,

International Journal of Solids and Structures, 11, 605-614.

Pedersen, P., Cheng, G.D. and Rasmussen, J. (1989). “On accuracy problems for semi-analytical sensitivity
analyses”, Journal of Structural Mechanics, 17 (3), 373-384.

Royset, J.O., Kiureghian, A.D. and Polak, E. (2001). “Reliability-based optimal structural design by the
decoupling approach”, Reliability Engineering and System Safety, 73(3), 213-221.

Rozvany, G.ILN., and Prager, W. (1979). “A new class of structural optimization method:optimal archgrid”,
Computer Methods in Applied Mechanics and Engineering, 19(1), 127-150.

Rozvany, G. LN. (1989). Structural Design via Optimality Criteria, Dordrecht, Kluwer.

Saka, M.P. and Geem, Z.W. (2013), “Mathematical and metaheuristic applications in design optimization of
steel frame structures: an extensive review”, Mathematical Problems in Engineering, Article ID:271030.

Schmit, L.A. and Miura, H. (1976). “A new structural analysis synethesis capability-ACCESS1”, AIAA Journal,
14(5), 661-671.

Stromberg, L. L., Beghini, A., Baker, W. F. and Paulino, G. H. (2011). “Application of layout and topology
optimization using pattern gradation for the conceptual design of buildings”, Structural and
Multidisciplinary Optimization, 43(2), 165-80.

Stromberg, L.L., Beghini, A., Baker, W.F., Paulino, G.H., (2012). “Topology optimization for braced frames:
Combining continuum and beam/column elements”, Engineering Structures, 37, 106-124.

Sved, G. and Ginos, J. (1968). “Structural optimization under multiple load”, International Journal of Science,
10, 803-805.

Wang, M.Y., Wang, X.M. and Guo, D.M. (2003). “A level set method for structural topology optimization”,
Computer Methods in Applied Mechanics and Engineering, 192, 227-246.

Xie, Y.M. and Steven, G.P. (1993). “A simple evolutionary procedure for structural optimization”, Computers
and Structures, 49(5), 885-896.

Xu, S.L., Cai, Y.W. and Cheng, G.D. (2010). “Volume preserving nonlinear density filter based on heaviside
functions”, Structural and Multidisciplinary Optimization, 41 (4), 495-505.

Yang, D.X., Li, G. and Cheng, G.D. (2007). “On the efficiency of chaos optimization algorithms for global
optimization”, Chaos, Solitons and Fractals, 34(4), 1366-1375.

Yang, D.X., Liu, Z.J. and Zhou, J.L. (2014). “Chaos optimization algorithms based on chaotic maps with
different probability distribution and search speed for global optimization”, Communications in Nonlinear
Science and Numerical Simulation, 19(4), 1229-1246.

Yang, D.X. and Xiao, H. (2013). “Stability analysis and convergence control of iterative algorithms for
reliability analysis and design optimization”, Journal of Mechanical Design, 2013, 135(3), 034501.

Yi, P., Cheng, G.D. and Jiang, L. (2008). “A sequential approximate programming strategy for performance-
measure-based probabilistic structural design optimization”, Structural Safety, 30 (2), 91-109.

Yi, P. and Yang, D.X. (2009). “Convergence control of the iterative procedure for performance-measure-based
probabilistic structural design optimization,” Engineering Optimization, 41(12), 1145-1161.

Zhou, M. and Rozvany,G..I.N.,(1991).”The COC algorithm, Part Il:Topological geometrical and generalized
shape optimization, Comput. Methods Appl. Mechs. Eng.89, 309-336.

17


http://www.sciencedirect.com/science/journal/00207683
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:2osOgNQ5qMEC
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:2osOgNQ5qMEC
http://www.tandfonline.com/author/Rozvany%2C+G+I+N
http://www.sciencedirect.com/science/article/pii/S0045782502005595
http://www.sciencedirect.com/science/article/pii/S0045782502005595
http://www.sciencedirect.com/science/journal/00457825
http://www.sciencedirect.com/science/article/pii/004579499390035C
http://www.sciencedirect.com/science/article/pii/004579499390035C
http://www.sciencedirect.com/science/journal/00457949
http://www.sciencedirect.com/science/journal/00457949
http://www.sciencedirect.com/science/journal/00457949/49/5
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:IjCSPb-OGe4C
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:IjCSPb-OGe4C
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:YsMSGLbcyi4C
http://scholar.google.com/citations?view_op=view_citation&hl=zh-CN&user=vT3xPScAAAAJ&citation_for_view=vT3xPScAAAAJ:YsMSGLbcyi4C

	Cover-Final
	PLSE Conference Proceedings Cover
	Blank Page

	Cover 3
	Copyright
	INTERNATIONAL ADVISORY COMMITTEE
	INTERNATIONAL SCIENTIFIC COMMITTEE
	OC
	Proceedings_Preface-final

	Table of Contents page number
	All papers-V4
	All papers
	Keynote and minisymposia
	Keynotes-FULL
	Keynote Lectures-title
	Keynote lectures
	Day1-Boulevard Auditorium 0900 formatted
	140130_Memo re Academic Staff New to UQ Orientation Sessions
	fullpaper-Enhancing performance of buildings in seismic zone with structural metal dampers
	3rd day


	Mini-Symposium on sustainable composites-final
	Title
	1A
	1A-1
	1A-2
	1A-3
	1A-4
	1A-5

	2A
	2A-1
	2A-2
	2A-3
	2A-4


	Mini-symposium on strutcural health monitoring for performance
	Title
	Session 1C
	1C-1
	1C-2
	1C-3
	1C-4
	1C-5

	2C
	2C-1
	2C-2
	2C-3
	2C-4
	2C-5

	3C
	3C-1
	3C-2
	3C-3
	3C-4
	3C-5

	4C
	4C-1
	4C-2
	4C-3
	4C-4
	4C-5


	Binder2
	Title
	4D
	4D-1
	4D-2
	4D-3
	4D-4
	4D-5

	5D
	5D-1
	5D-2
	5D-3
	5D-4
	5D-5


	Mini-symposium on structures incoporating FRP under
	Title
	4A
	4A-1
	4A-2
	4A-3
	4A-4
	4A-5

	5A
	5A-1
	5A-2
	5A-3
	5A-4
	5A-5

	6A
	6A-1
	6A-2
	6A-3
	6A-4

	7A
	7A-1
	7A-2
	7A-3
	7A-4
	7A-5


	Mini-symposium on performance based design of concrete structures
	Title
	6C
	6C-1
	6C-2
	6C-3
	6C-4
	6C-5

	7D
	7D-1
	7D-2
	7D-3
	7D-4
	7D-5

	8D
	8D-1
	8D-2
	8D-3
	8D-4


	Mini-symposium on Steel Structures
	Title
	8B
	8B-1
	8B-2
	8B-3
	8B-4
	8B-5

	9B
	9B-1
	9B-2
	9B-3
	9B-4
	9B-5



	Special sessions
	Special session on performance under wind loading
	Title
	3D
	3D-1
	3D-2
	3D-3
	3D-4
	3D-5


	Special session on Dynamic behaviour of engineering
	Title
	7B
	7B-1
	7B-2
	7B-3
	7B-4
	7B-5


	Special Session on Corrosion and Durability of Concrete Structures
	Title
	9A
	9A-1
	9A-2
	9A-3
	9A-4
	9A-5



	Parallel sessions
	Structural Fire Safety
	Title
	1B
	1B-1
	1B-2
	1B-3
	1B-4
	1B-5
	1B-6

	2B
	2B-1
	2B-2
	2B-3
	2B-4
	2B-5

	3B
	3B-1
	3B-2
	3B-3
	3B-4
	3B-5


	Lifecycle Performance of Structures
	Title-lifecycle
	1D
	1D-1
	1D-2
	1D-3
	1D-4
	1D-5
	1D-6


	Performance under extreme loading
	Title-performance under extreme loading
	2D
	2D-1
	2D-2
	2D-3
	2D-4
	2D-5
	2D-6


	Performance of bridge structures
	Title-performance of bridge structures
	Binder18
	3A-1
	3A-2
	3A-3
	3A-4
	3A-5


	Performance under seismic loading
	Title-performance under seisemic loading
	4B
	4B-1
	4B-2
	4B-3
	4B-4
	4B-5

	5B
	5B-1
	5B-2
	5B-3
	5B-4
	5B-5


	BlastImpact loading and progressive collapse
	Title-blast and impact
	Binder1
	6B-1
	6B-2
	6B-3
	6B-4
	6B-5


	Structural health monitoring
	Title-health monitoring
	Binder5
	5C-1
	5C-2
	5C-3
	5C-4


	Timber Structures
	Title-timber structures
	Binder1
	6D-1
	6D-2
	6D-3
	6D-4
	6D-5


	Structural deterioration
	Title-Structural Deterioration
	7C
	7C-1
	7C-2
	7C-3
	7C-4
	7C-5

	8C
	8C-1
	8C-2
	8C-3
	8c-4-correct
	8C-5


	Performance Enhancement of Structures using FRP Composites
	Title-Performance Enhancement of Structures using FRP Composites
	8A
	8A-1
	8A-2
	8A-3
	8A-4
	8A-5


	Sustainable Structural Materials
	Title-Sustainable Structural Materials
	9C
	9C-1
	9C-2


	Numerical Simulation of Structural Performance
	Title-Numerical Simulation of Structural Performance
	9D
	9D-1
	9D-2
	9D-3
	9D-4
	9D-5




	Binder9
	9C-3
	Title-Numerical Simulation of Structural Performance
	9D-1
	9D-2
	9D-3
	9D-4
	9D-5


	lAST pAGES
	aCKNOWLEDGEMENT
	Last page-v1




