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Conventional structural optimisation techniques often result in unconventional structural configurations, unre-
alistic structural elements and ignore actual construction costs. This paper presents an effective performance-
based optimisation framework for minimising initial material costs of realistic multi-storey reinforced con-
crete (RC) frames, while satisfying pre-determined performance targets under multiple seismic hazard levels as
well as a set of practical design and construction constraints. A new low computational-cost optimisation method
is proposed to directly control specific response parameters at both the element and structural levels (i.e. plastic
rotation and inter-storey drift). For the first time, the concept of Uniform Damage Distribution (UDD) is adopted
to simplify the complex design optimisation problem of RC buildings with multiple design variables in terms of
section sizes and reinforcement ratios. The optimum design solution is achieved by gradually redistributing
materials from strong to weak parts of the structure, aiming to fully exploit the material capacity. The efficiency
of the proposed optimisation framework is then demonstrated in the optimum designs of 3-, 5-, 10- and 15-storey
RC frames under a set of six spectrum-compatible earthquake records. The results indicate that compared to
structures designed by current codes, optimum solutions required up to 20 % and 43 % less concrete volume and
steel reinforcement weight, respectively. It is also noted that due to more efficient use of materials, optimum
structures exhibited considerably lower global damage index (up to 88 %), less maximum inter-storey drift (up to
58 %), and less maximum plastic rotations (up to 78 %). Sensitivity analysis on earthquake record selection
shows that using a single earthquake record may not lead to reliable design solutions, in particular for tall
buildings, and hence a set of spectrum-compatible records should be used in the optimisation process. This
research will lead to more economical and safe design of multi-storey RC structures in seismic regions by
developing a practical multi-level optimisation method with low computational costs.

1. Introduction

Current seismic design guidelines (e.g. Eurocode 8, Chinese code GB
50011, IBC 2021 [1-3]) generally adopt “strength-based” or “force-
based” design principles. While these methods mainly ensure overall
structural capacity, they cannot directly control member deformations
and lateral drifts and in turn efficiently limit structural and non-
structural damage under earthquakes. Moreover, most seismic design
codes mainly aim to satisfy “life safety” requirements under design-basis
earthquake (DBE) level (10 % probability of exceedance in 50 years)
and, hence, may not satisfy target performance objectives under other
seismic hazard levels. It should be noted that, structures designed using
modern codes successfully protected occupants’ lives in recent major
earthquake events (e.g. Christchurch 2010-2011, Northern Italy 2012,
Kumamoto 2016); however, economic losses due to repairable and non-
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repairable damage were extremely large in some cases [4-6].

In current seismic design codes, the equivalent static lateral force
determined to simulate seismic loads is based on the dynamic behaviour
of linear elastic systems. However, typical RC structures do not generally
remain elastic under severe earthquake events. In conventional seismic
design approaches, structural nonlinearity and hysteretic energy dissi-
pation capacity are generally taken into account by using a response
modification factor (e.g. ASCE41 [7]) or a behaviour factor (e.g. Euro-
code8 [1]). These factors are normally decided based on judgment and
empirical evidence, and do not necessarily lead to most suitable design
solutions, which is also confirmed by results from previous experimental
and numerical studies [8,9]. On the other hand, while push-over ana-
lyses suggested in current seismic design guidelines aim to provide
better predictions of structural seismic responses, previous studies have
identified that: (i) the fixed load patter used in the pushover analysis
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may be unrealistic when lateral inertia loads and storey stiffness change
due to the occurrence of yielding and nonlinear structural behaviour;
and (ii) the push-over analysis does not directly account the contribution
of higher modes on structural behaviour, which can be especially
important for high-rise buildings [10,11]. The study by [12] indicated
that using a single pushover analysis cannot duplicate the interaction
between the continuously changing dynamic characteristics of inelastic
structural system with the various frequencies of earthquake records.

Performance-based design (PBD) has been introduced in more recent
seismic resistant design guidelines (e.g. ATC-40, FEMA356, ASCE 41
[7,13,14]) and is intended to address some of the limitations of the
conventional “force-based” design methods [15,16]. In PBD, a set of
design criteria are expressed in terms of performance objectives that
directly correspond to specific requirements for the building (i.e. im-
mediate occupancy, life safety, collapse prevention) under different
seismic hazard levels. This provides a more direct and rational approach
for controlling structural and non-structural damage during the seismic
design process. Mergos [17] compared to conventional design solutions
(e.g. Eurocode 8 force-based design methods) subjected to earthquakes
with different hazard levels. It was found that in several cases they failed
to satisfy performance constraints on element plastic hinge rotations set
by performance-based design criteria (e.g. MC2010). Though it is
accepted that PBD can provide better control of structural damage
during seismic events, it still does not necessarily guarantee the most
efficient design.

The concept of “optimal design” has been widely utilised for different
structural systems. For instance, Foraboschi [18] searched for the best
thickness of the glass layers and the stillness of the interlayer to optimise
the cost of plates made of glass, while fulfilling strength and deflection
design requirements. In another study Domenico and Hajirasouliha [19]
aimed to minimise structural damage of steel frames with nonlinear
viscous dampers by remodifying damping coefficients of the dampers.
RC frames are the most common structural system used worldwide for
low and medium rise buildings. Even though, their overall structural
design is relatively straight forward, obtaining their optimum design
solution can be very challenging due to cracking of concrete affecting
the lateral stiffness and inertia load distribution, as well as the non-
linear behaviour of the structure mainly caused by the yielding of
reinforcement.

Several design optimisation studies on RC frames have been pub-
lished in the past 20 years. Chan and Zou [19] and Zou et al. [20] aimed
to obtain the optimum design of RC frames by employing an Optimality
Criteria (OC) performance-based methodology. Both section sizes and
steel reinforcement quantities were considered as design variables and
optimised based on the performance results of elastic and inelastic
(push-over) analyses, respectively. To achieve the optimum solution,
objective functions subject to design constraints were first converted
into an unconstrained Lagrangian function, and then the stationary
condition of the Lagrangian function was evaluated. In another study,
Bai et al. [21] developed an optimisation technique based on the concept
of Optimality Criteria (OC) to achieve more uniform distribution of
storey drifts. Inelastic response demands were evaluated through
consecutive pushover analysis. Reinforcement areas of beams and col-
umns were iteratively modified in accordance with storey lateral drifts
and element hinge rotations, simultaneously. Furthermore, Liu et al.
[22] used a second-order optimisation method for elastic seismic drift
design of RC frames. This required to first transfer a constrained problem
into an unconstrained optimisation formulation through an interior
penalty function. Subsequently, the first and second derivatives of the
penalty function were calculated to achieve seismic design with mini-
mum structural weight. Dimensions of beams and columns were
considered as the only design variables in the objective function. In a
more recent study, Papazafeiropoulos et al. [23] used a gradient-based
first-order optimisation methodology to achieve uniform distribution
of dissipated energy for RC frames by optimising the distribution of
structural stiffness.
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Recently, evolutionary algorithms such as Genetic Algorithm (GA)
and Evolution Strategies (ES) are also used in seismic design optimisa-
tion of RC frames [24-27]. Mergos [17,28] utilised GA in the optimum
seismic design of RC frames in accordance with both force-based and
performance-based design methods to minimise material costs. Section
dimensions, diameter and number of longitudinal reinforcement bars,
and diameter and number of transverse reinforcement bars were
considered as design variables and were independently remodified ac-
cording to a set of design constraints. In another study, Mitropoulou
et al. [29] applied ES for multi-objective optimisation. To assess struc-
tural performance, both nonlinear static and dynamic analyses were
conducted, while discrete design variables including dimensions of
members, longitudinal and transverse steel reinforcements were
considered. Razmara Shooli et al. [30] also adopted a mixed GA and
Particle Swarm Optimisation (PSO) in conjunction with nonlinear static
and dynamic analysis methods for PBD optimisation of RC frames. Their
optimisation method was first processed with nonlinear static analyses
to obtain the optimum search domain involving specific design vari-
ables, and then nonlinear dynamic analyses were performed to find the
optimum result with minimum material cost within the identified search
domain. Gholizadeh et at. [31] performed a reliability-based design
optimisation of RC frames, where a Chaotic Enhanced Colliding Bodies
Optimisation (CECBO) metaheuristic algorithm in conjunction with a
metamodel was adopted to search for optimum solutions in a specific
design space. In another relevant study, Razavi et al. [32] utilised the
Improved Black Hole (IBH) metaheuristic algorithm to minimise initial
cost and total life-cycle cost, as two different independent optimisation
objectives. Specific design variables were optimised by using pre-
determined databases and based on seismic responses obtained from
pushover analysis.

In general, the above-mentioned optimisation methodologies can be
classified into two categories: (i) mathematical programming algorithms
such as OC method and gradient-based algorithms and (ii) search-based
optimisation methodologies including GA, ES and PSO. Most previous
optimisation studies on RC frames adopting math-based algorithms
required complex mathematical formulas to transfer inequality con-
straints and objective functions into unconstrained problems. They also
required a high computational effort to calculate the derivatives of the
objective functions at each optimisation step, particularly in the case of
nonlinear systems under dynamic loads. Search-based design optimisa-
tion methods are also computationally expensive (i.e. require thousands
of analysis iterations), while their optimisation speed and accuracy
depend on the pre-determined search domain. Moreover, more than half
of previous optimisation studies adopted nonlinear static (pushover)
analysis with predefined lateral load patterns to predict the seismic
behaviour of structures. However, as mentioned before, using the fixed
load patterns may not represent the actual seismic effects in a non-linear
structural system. These limitations increase costs and limit accuracy,
hence, may prevent engineers from using these optimisation methods in
practical applications.

To reduce computational costs, Hajirasouliha et al. [33] developed a
practical optimisation methodology for the seismic design of RC frames,
based on the concept of Uniform Damage Distribution (UDD). Previous
study demonstrated that this approach can significantly reduce the
computational costs (up to 300 times less number of non-linear dynamic
analysis) of the optimisation process of complex non-linear systems
compared to the metaheuristics optimisation methods such as GA and
PSO [34,35]. According to the design philosophy of UDD, structural
materials are redistributed iteratively from low- to high-damaged areas
until a state of nearly uniform height-wise distribution of structural
damage is achieved. In follow-up studies, the UDD concept was adopted
for the optimum seismic design of RC frames [36,37]. However, these
studies mainly considered maximum inter-storey drift as the single
performance index, which cannot comprehensively identify structural
damage at both local and global levels. It should be noted that, the se-
lection of performance levels plays an important role in performance-
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Table 1
Relationship between performance objectives, corresponding seismic hazard level and peak ground acceleration.
Performance objective Earthquake excitation Occurrence Probability Return Period (year) PGA (8)
Immediate Occupancy (I0) Frequent earthquake 50 % in 50 years 72 0.1
Life Safety (LS) Design basis earthquake (DBE) 10 % in 50 years 475 0.4
Collapse Prevention (CP) Maximum considered earthquake (MCE) 2 % in 50 years 2475 0.65

based optimisation methods. Previous optimisation studies using UDD,
mainly considered a single performance objective (i.e. life safety) under
a certain seismic hazard level (i.e. 10 % probability of exceedance in 50
years). This may not necessarily lead to a safe design solution in rarer
earthquakes with higher intensity levels when high localised damage
may develop [38].

In general, optimisation of RC frames is a complex problem since
both reinforcement arrangement and weight, and concrete volume can
significantly affect seismic responses of structures. Foraboschi [39]
studied the bending load-carrying capacity of RC beams allowing for
ductility, and concluded that a blending increasement in amount of
reinforcement of the RC element does not compensate a reduction in its
cross-section size. Indeed, many of the previous studies on the optimum
design of RC frames only optimised the reinforcement ratios of the el-
ements, while the initial dimensions were obtained based on existing
seismic design guidelines and then kept unchanged during the optimi-
sation process [33,21,40]. However, these two design variables are not
independent, as structural ductility and deformability are affected by
both parameters. On the other hand, Arroyo and Gutiérrez [27] and
Arroyo et al. [41] mainly aimed to improve the elastic performance of
the structural system by optimising the dimensions of the structural
members, while the reinforcement bars were designed using current
design codes after the optimisation stage. However, the optimum solu-
tion in this case may not guarantee the structural safety in future rare
earthquakes, when structures are loaded beyond the elastic range.

The objective of this study is to develop an efficient multi-objective
performance-based optimisation framework for seismic design of RC
frames based on the concept of Uniform Damage Distribution (UDD). In
this approach, the specific design variables change iteratively to closely
approach the performance target limits. Consequently, material capac-
ities in most storeys are to be fully exploited at least under one seismic
hazard level, and hence a design solution with minimum material usage
is obtained by satisfying all the performance targets corresponding to
multiple design objectives. The novelty of the proposed framework is
that, for the first time, the UDD approach is implemented to accom-
modate: (i) multi-level performance objectives under different seismic
intensity levels ranging from elastic to inelastic states; (ii) optimising
both section sizes and reinforcement ratios; and (iii) controlling both
local (element plastic rotation) and global (inter-storey drift) perfor-
mance indices simultaneously with low computational costs. The effi-
ciency of the framework is demonstrated in the design of 3-, 5-, 10- and
15-storey RC frames under a set of spectrum-compatible earthquakes.
The framework is further developed to investigate the effect of vari-
ability in the selected earthquake input records.

2. Performance-based optimisation framework

In this study, the optimisation objective is to minimise the total
material usage (both concrete and reinforcement), while satisfying a set
of performance constraints to control local and global structural damage
under different earthquake intensity levels. This is achieved based on the
concept of Uniform Damage Distribution (UDD), and by incorporating
the design criteria in PBD. In accordance with ASCE 41-13 [7] recom-
mendations and seismic hazard studies in several seismic source areas,
Table 1 shows the performance objectives that should be satisfied in the
multilevel performance-based optimisation, their corresponding seismic
hazard levels (here expressed as occurrence probability of the

earthquakes), and their relationship with magnitude of peak ground
acceleration (PGA) for the design earthquakes used in the case studies
[42,43].

2.1. Formulation of multi-objective optimum design problem

The design constraints on geometry and reinforcement detailing of
beam and column elements are based on Eurocode 2 and 8 [1,44] rec-
ommendations for medium ductility level (DCM). Key practical design
considerations adopted in common practice were also considered in the
optimisation process. The overall optimisation problem can be
expressed as:

Minimise : V., W;
Subjected to : 0. < Ouarger.c>-Op < Orargery

Do < Arargen
Pemin < Pe < Pemax
Pomin < Poiop < Pbmax

Pomin < Popotion < Pomax
Dyin < D, Byin < B, Hypin < H

where V. is the total concrete volume in the frame, W; is the total lon-
gitudinal reinforcement weights. 8, and 6 are plastic rotations of beams
and columns, respectively. Apq, denotes maximum inter-storey drift
ratio. p, is longitudinal reinforcement ratio of columns, while p; , and
Pbportom ar€ the ratio of beam top and bottom reinforcement, respec-
tively. D is the dimension of column sections assumed to be square, and
B and H are the width and depth of beam sections, respectively. The
subscript “min” represents the minimum values of cross-section di-
mensions suggested by Eurocode. It should be noted that the optimisa-
tion framework proposed in this study is general and able to be adopted
for any seismic design codes to obtain the most suitable design solution.

2.2. Design constraints

To achieve DCM in Eurocode 8, the minimum dimension of concrete
sections is limited to 250 mm, and minimum and maximum reinforce-
ment ratios in columns are 1 % and 4 %, respectively. Upper and lower
reinforcement limits in beams are also imposed. To promote the “strong
column/weak beam” design principle, at each beam-column joint the
sum of the flexural stiffnesses of beams is designed to be less than the
flexural stiffness of columns. Additionally, according to practical con-
siderations from engineering experience, it is recommended that the
width of beams should be always less than the dimensions of columns,
and dimensions of columns shouldn’t be less than the ones in upper
storeys.

2.3. Design variables in UDD optimisation

As mentioned in the above problem formulation, this study aims to
minimise both rebar weights (kg) and concrete volume (mg) of RC
frames. Column dimensions (D) as well as beam width (B) and depth (H)
are accounted as discrete design variables, while longitudinal
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Table 2
Column plastic rotation capacity (Garget,c)(unit: rad) (ASCE 41-13 [7]).

P \% p— A, Performance Level
A : " bus

e budy/f. e LS cp
<0.1 <3 > 0.006 0.045 0.060
> 0.6 <3 > 0.006 0.009 0.010
<o0.1 <3 < 0.0005 0.010 0.012
> 0.6 <3 < 0.0005 0.003 0.004

Table 3

Beam plastic rotation capacity (Orger,3) (unit: rad) (ASCE 41-13 [7]).

p—p Vi Performance Level

Pbal bydy/f, LS cP
<0.0 <3 0.025 0.050
> 0.5 <3 0.020 0.030
<0.0 >6 0.020 0.040
> 0.5 >6 0.015 0.020

reinforcement ratios in columns (p.) and beams (pop; Pppottom) aT€
considered as continuous variables in the optimisation process. The
proposed study assumes that each RC member has adequate amount of
transverse reinforcement that is approximately proportional to the
longitudinal reinforcement quantity. The values of all the selected
design variables also satisfy the practical and code-based design con-
straints in each iterative step during the optimisation procedure.

2.4. Performance parameters and design targets

The current method considers plastic hinge rotations in beams (6;)
and columns (6.) as primary performance parameters to measure local
element response quantities under medium to severe earthquakes, while
the inter-storey drifts (Amq), as more global performance parameters,
are also simultaneously controlled in the optimisation process. It should
be noted that the performance parameters in the proposed optimization
methodology are selected based on the suggestions in ASCE 41. How-
ever, the adopted UDD method is general, and can be efficiently applied
to any other performance parameters such as floor acceleration and
velocity.

Axial load ratios and transverse reinforcements ratios are important
parameters that affect the rotation capacity of RC elements under
earthquake loads, while the flexural capacity is also influenced by shear
loads [45]. Yuen et al. [46] shows that increasing axial load ratios re-
duces ductility and energy dissipation capacity of flexure-dominated
columns. Therefore, the plastic hinge rotation target limit (capacity)
cannot be pre-determined and should be updated following the section
properties and loading information (i.e. shear load, axial load) at each
iterative step of the optimisation procedure. This increases the
complexity of the optimisation problem for RC frames under multiple
earthquake intensity levels.

Once the target performance level is decided (e.g. IO, LS, CP), target
limits (capacities) of plastic hinge rotation of beams (Hm,get.yg) and col-
umns (erget‘c) can be calculated following ASCE 41-13 guidelines as
presented in Tables 2 and 3, respectively. In these tables: P is the column
axial load, Ay is the column cross section area, f. is concrete compressive
strength, V is design shear force in columns, b, is section width, d is
distance between compression rebar to centroid of tension reinforce-
ment, A, is shear reinforcement area, s is spacing of shear reinforcement,
p is tension reinforcement ratio, p’ is compression reinforcement ratio,
Ppat 1S Teinforcement ratio producing balanced strain conditions, and Vj,
is beam shear force.

To constrain performance at structural level, the target inter-storey
drift ratios (Arge) are defined as 1 %, 2 % and 4 % at performance
levels IO, LS and CP, respectively, in accordance with ASCE 41-06 [47].
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It should be noted that, the proposed methodology is general and other
drift limits can be easily adopted. To provide more accurate results,
structural response parameters are obtained through non-linear time
history analysis (NTHA) using OpenSees software [48]. The iterative
optimisation process based on UDD concept is performed by a specif-
ically designed subroutine in MATLAB [49].

2.5. Multi-level UDD optimisation

The seismic design of RC structures is commonly based on the
assumption that the buildings experience nearly elastic response under
frequent earthquakes and mainly behave inelastically under moderate to
severe earthquakes. The entire design optimisation procedure can thus
be categorized into two phases: “elastic phase” and “inelastic phase”.

2.5.1. Elastic phase: element size optimisation

The performance objective at this stage is to satisfy Immediate Oc-
cupancy (IO) criteria under frequent earthquakes in accordance with 50
% probability of exceedance in 50 years (here PGA = 0.1 g as shown in
Table 1). The key performance parameter for controlling the structural
response of elastic (or near-elastic) systems is considered to be inter-
storey drift ratio (IDR). The first phase considers elements sizes as a
single design variable, considering that the concrete section size plays a
more dominant role in providing lateral stiffness and hence controlling
inter-storey drift ratios. The element size optimisation algorithm is
briefly summarised as follows:

1. The RC frame is initially designed in accordance with a conventional
code-based design method. In this study, Eurocode 8 is used for
preliminary designs of the selected frames. The details of cross-
section dimensions and reinforcement ratios of the initial design
solutions are provided in Appendix A.

2. The designed structure is subjected to a set of spectrum-compatible
frequent earthquake records (scaled to PGA = 0.1 g) corresponding
to I0 performance level. Maximum IDR at each storey (Apmgy;) is
obtained as average of the maximum values under the selected
earthquakes to capture record-to-record variability, through non-
linear time-history analysis, using the following equation (2):

0 — i

D = T ()

where, §; and §;_; are the relative maximum lateral displacement of two

adjacent i and i-1 floor levels, respectively; and h; is storey height at ith
floor.

3. When the IDR in a certain storey is higher than the target limit, the
specific performance objective is in turn violated, and hence struc-
tural capacity should be increased by adding more material. On the
other hand, in storeys where IDR is less than the target value,
structural materials are not fully utilised. Therefore, the concrete
section dimensions (here size of column square cross-sections (D),
width (B) and depth (H) of beam rectangular cross-sections) are
reduced or increased accordingly as discrete design variables by
using the equations (3)-(8):

If Ama.)(.i < A[arge[.i

[Bil,s = [B], — AB 3

(Hi,, = [H], — AH Q)

[Di],.,, = [Di], — AD )
If Apaxi > Atargeti

[Bil,y = [Bi], + AB (6)
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[Hi],,, = [Hi], + AH @)

n+1

[Dil,y, = [Di], +AD (8
where Awgrger;i is the pre-decided target drift value of ith storey corre-
sponding to IO (i.e. 1 %); [D;], represents dimensions of columns of each
storey (i denotes i storey) at n™ iteration; [Bi], and [H;], are beams
widths and heights at i storey in n'! iterative step, respectively; AD, AB
and AH denote small dimension step changes in columns, beams widths
and beams heights, respectively. Based on practical considerations, the
cross-section dimension changes are set at 50 mm. It should be noted
that the reinforcement ratio of each beam and column element is
initially designed and kept unchanged during the entire element size
optimisation when the structure behaves nearly elastically.

4. The coefficient of variation (COV) of inter-storey drifts (calculated as
standard deviation of IDRs divided by the average of IDRs across all
storeys) is calculated at each iterative step. Steps 2 and 3 are
repeated iteratively until the COV is lower than a given value,
maximum IDR in each storey is satisfied with target limit at IO level.
It should be noticed that since the optimum design solution is also
required to sustain gravity loads, section sizes in lower stories are
usually larger than the codified minimum value, and hence it is very
unlikely to achieve a very uniform inter-storey drift distribution due
to practical applications.

2.5.2. Inelastic phase: reinforcement ratios optimisation

Once optimum concrete section sizes are obtained at the end of the
elastic design optimisation phase, they are used as the initial design in
the second phase of optimisation. At this stage, longitudinal reinforce-
ment ratios are used as primary design variables. This can be justified as
steel reinforcement plays a dominant role in controlling inelastic re-
sponses beyond the occurrence of first yielding and providing structural
ductility. In accordance to ASCE 41-17 [50], multiple performance ob-
jectives including Life Safety (LS) and Collapse Prevention (CP) should
be satisfied in the plastic phase, under earthquake excitations with
different hazard levels (PGA = 0.4 g; 0.65 g) as mentioned in Table 1.
Performance parameters at structural (i.e. inter-storey drift) and
element (i.e. plastic hinge rotation) levels are simultaneously considered
in the optimisation process at both specific performance levels.

The steps for UDD optimisation in the plastic phase are as follows:

1. Optimum structural design obtained at the end of elastic phase is
regarded as initial design in the plastic design optimisation phase.

2. Plastic hinge rotations at both ends of beam and column elements are
calculated based on plastic curvatures (k) and in accordance with
“Modified Gauss-Radau” plastic hinge integration method as sug-
gested by [51]:

— kP
HEE
0, K|y X Ly
where: 0; and 6; are plastic rotations at ends I and J of an element,
respectively; x = 0 and x = L describe the locations of integration points
(both ends of an element); l,; and [,; are physical length of plastic hinge
near ends I and J, respectively; k|, _, and k?|,_, are plastic curvatures at
both ends of the element. Average maximum plastic rotations under a set

of earthquakes in a certain storey can in turn be obtained for column and
beam elements using the equations (10)-(11):

Opaxi,c = Max [anl,h On=14,0n=21,0n=27""On-n,,.1 Hn:N(,,,,J} (10)
Opaxip = Max [911:1.1: On=1,7,0n=2.1,0n=2,3**On—Nypur 1 » Hn:th,,,J} an

where: Opax,ic and Opmaxip are the peak column plastic hinge rotation and
peak beam plastic hinge rotation in i storey, respectively; N, is total
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number of columns elements in each storey (i.e. Neo; = 4); Npean is total
number of beam elements in each storey (i.e. Npegm = 3).

3. The performance ratios PRy, PRrowtionic and PRyrowsionis are
calculated as ratios of deformation demands to corresponding ca-
pacity in each storey, column member and beam member,
respectively.

A max,i

PRuipi = 12
" Amrgez

Omax,

PRmmti(m.i.C = 976‘ (13)
target,i,C
Hma).,i.

PR = 5 a4
target,i,.B

where: Agrger €quals to 2 % at LS level and 4 % at CP level; 6;argeric and
Orargeri 8 are plastic rotation capacity of column and beam elements,
respectively, determined in accordance with ASCE 41-13 [7].

Multi performance levels (here LS and CP) are concurrently consid-
ered, and design variables are remodified based on the most critical
performance ratio (PReticaly chosen as the largest value from the ratios
relating to all specific performance levels:

critical _ K=1 K=II K=n

P Rdri/'r,i = max[P. Rdnﬁ.iv P Rdrifz,i» P Rdnﬁ.i (15)
critical K=I K=II K=n

PR uiionic = max[P, R, orationi.cs PRrorationic P Rmmriun‘i.(?] 16)
critical _ K=1 K=I1 K=n

PR ionin = max|[P, R, oationi > PRroation.i g P Rmzmion,m] a7

where: K =1, II, n denotes pre-decided performance objectives (here I =
LS performance level under DBE, II = CP performance level under MCE);
PRf;%f;‘l is the critical drift performance ratio considering drift responses
szt;ggnLC’ P Rigggﬁn.i‘
ratios considering rotations in columns and beams, respectively.

The proposed method considers plastic hinge rotation as the main
performance parameter, while IDR is only accounted in UDD optimisa-

in i storey level; and PR g are critical performance

tion when the target IDR is violated (i.e.PRg’,‘;#fl > 1). To provide more
practical design solutions, it is assumed that in each storey, both interior
and exterior columns have the same reinforcement ratio. Furthermore,
in the selected models, all beam elements in one storey were designed to
have similar reinforcement detailing as the span lengths are identical.
The longitudinal reinforcement ratios of beams and columns in each
storey are modified using the equations (18)-(21):

If PRCal 1 and max(PRpeaton ;. PREECAL 21(1 =

’ rotation,i,B
critical’) critical P
[(/’c)i]n+1 = [(pc)l, x (PRdnftﬂ.il) X (1 - (PRnu;zioln.,,c) ) as)
criticai b critica (=)
[(pB)i]n+1 = [(ps)d, x (PRdrijI‘t.il) X (1 - (Per;tinln.l.B) ) 19

In the other conditions:

= [(pe), x (PRt ) (20)

rotation,i,C

[(Pe) s

[w)luer = [(0w)i], x (PR )" @1)
where: [(p¢);], and [(pp);], represent reinforcement ratios in columns and
beam in i storey at n™ iteration, respectively; § is a convergence
parameter in the UDD formula which involves both local and global
performance parameters, while a is a convergence parameter that con-
trols optimisation speed when only one design parameter is considered.
Based on results on the effect of convergence parameters on optimum
solutions in the following section, a was considered to be equal to 0.2,
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Fig. 1. Geometry and dimensions of beam and column members of 3-, 5-, 10- and 15-storey RC frames (Beams: “height x width”; Columns: “square dimension™).

while g was assumed to be half of a.

4. When the modified reinforcement is below the minimum allowable
values, the minimum values are used. However, if the reinforcement
ratio exceeds the maximum allowable value, the element size (D, B
and H) in ith storey at (n + 1 )th iteration is incrementally increased
using the following equations (22)-(25):

If reinforcement ratio in a column reaches the maximum allowable
value:

[Di,., = [Di], + AD 22)

n+1

If tension or compression reinforcement ratio in a beam reaches the
upper limit:

(B, = [Bl], + AB (23)
(H],, = [H],+AH 29
(D], = [Di], + AD (25)

where: D and AD are dimensions of the column cross section and cor-
responding dimension increment, respectively; B and AB are beam
widths and corresponding size increment, respectively; H and AH are
beam height and corresponding size increment, respectively. AD, AB
and AH are all taken as 50 mm to provide practical solutions and avoid a
sudden increase in structural stiffness.

5. The COV(%) of IDR and plastic hinge rotations in each storey are
calculated at both LS and CP performance levels. The UDD algorithm
iterates from step 2 until the following conditions are met: (i) the
calculated COVs are decreased to an acceptable value (e.g. less than
0.2), (ii) the given performance parameters in each storey are fully
satisfied with the target limits corresponding to both LS and CP
levels, and their changes remain small at a few subsequent iterations.
As discussed before, it is also checked that the final optimum design
can sustain the gravity loads.

3. Modelling and assumptions
3.1. Reference reinforced concrete frames

To assess the efficiency of the proposed optimisation framework,
four different 3-bay RC frames with 3-, 5-, 10- and 15-storey were
selected, with a uniform height of 3 m as shown in Fig. 1. The buildings
were considered to represent typical residential buildings in high
seismic regions, with importance class I and medium ductility class
(DCM). The seismic loads were calculated using the Eurocode 8 design
response spectrum for medium seismic regions (peak ground accelera-
tion (PGA) 0.4 g). The dead and live loads for intermediate storeys were
taken to be 4.6 kN/m? and 2 kN/m?, while for the roof the dead and live
loads were reduced to 4 kN/m? and 0.7 kN/m?, respectively. The frames
were assumed to be located on soil type C, and to account for structural
nonlinearly a behaviour factor q = 3.9 was considered. The nominal
compressive strength of concrete and yielding strength of steel rein-
forcement were 30 MPa and 500 MPa, respectively. The initial frames
satisfied safety, serviceability and durability design criteria of Eurocode
2 and 8 [1,44].

The frames were modelled and analysed using the finite element
software OpenSees [48]. “Concrete02” model was utilised to express the
material properties of concrete, considering stress—strain relationships
of both confined and unconfined concrete by taking into account tension
cracking and compressive crushing failure mechanisms [52]. “Steel02”
(or Giuffre-Menegotto-Pinto) model was considered to simulate the
bilinear stress—strain relationship of reinforcement steel [53]. Beam and
column elements were modelled using “distributed-plasticity models”,
in which the occurrence of nonlinearity is allowed at any location within
a specific range of the element (plastic hinge region) instead of
concentrated at both ends of an elastic element [54]. The nonlinear
behaviour was analysed using “force-based” nonlinear finite element
models (“forceBeamColumn™). To obtain more accurate structural in-
elastic responses (i.e. plastic hinge rotations), the “Modified Gauss-
Radau” integration method derived from Gauss-Radau quadrature rule
was used. Two integration points are located at the two ends of the
element, where the bending moment is largest in the absence of member
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Fig. 2. Eurocode 8 design response spectrum and acceleration spectra of arti-
ficial records.

loads, and four integration points along the element length (six inte-
gration points in total). The method integrates the deformation over the
estimated plastic region using a force-based flexibility formulation, and
the element deformation is calculated as the sum of deformations within
two plastic hinge regions and one interior section [51]. In this study, the
physical length of the plastic hinge region (I,;) was updated in each
iterative step using the following formula from Eurocode 8, part 3 [55].

L‘, dbLf;' (MPLI)
Ly ==—+017h+ 024 ————- 26
b =35T + VT (MPa) (26)

where dy, f, and f, are mean diameter of tension reinforcement, con-
crete compressive strength and steel yield strength, respectively. L, is
the shear span at member ends, and h is the depth of the cross-section.

The above formulation indicates that the plastic hinge length de-
pends on the variation of stiffness (cross-section size, diameter of rein-
forcement) and material properties. It should be noted that these
material and element models are extensively used, as they simulate well
the nonlinear behaviour of RC structures under seismic and cyclic lateral
loads [56,57].

Rayleigh damping with a constant ratio of 5 % was assigned to the
first model and any mode whose cumulative mass participation exceeds
95 %. P-Delta effects were also considered for both the design and an-
alyses of the frames. Soil-structure interaction (SSI) effects were not
taken into account. To consider the effect of concrete cracking on overall
element stiffness, the effective flexural and shear stiffnesses of beam and
column elements were taken as half of the gross section stiffness values,
as recommended by Eurocode 8.

3.2. Selected earthquake records and code-based design spectrum

In this study, a set of six seismic ground motion records fully
compatible with the target spectrum were synthesised using target ac-
celeration spectra compatible time histories (TARSCTHS) [58]. The
elastic response spectrum of each of the generated records as well as
their mean response spectrum are compared with the Eurocode 8-based
elastic design response spectrum in Fig. 2. It can be seen that the mean
response spectrum of the artificial records provides a close approxima-
tion to the Eurocode 8 design spectrum within a wide range of periods
that cover the fundamental periods of the four selected RC frames.
Therefore, the selected artificial earthquakes can be considered as
suitable representatives of the chosen design spectrum. For different
hazards levels, the generated records are simply scaled to reach the
target PGA level.

Engineering Structures 293 (2023) 116591
4. Optimum design for the design earthquakes
4.1. Seismic performance assessment

For each referenced frame, the average seismic responses (i.e. IDR
and plastic rotations ratios) under all six records are calculated and
compared between the optimum solution (named as “optimum design™)
and the initial design codified by Eurocode 8 (named as “initial design™).

Fig. 3 compares the height-wise distributions of maximum inter-
storey drift ratios (Apqy) for the 3-, 5-, 10- and 15-storey RC frames at
10, LS, CP performance levels. Compared to the initial frames, the
frames optimised based on the concept of UDD exhibited more uniform
inter-storey drift distribution, and less concentrated maximum inter-
storey drifts, while they closely approached the performance targets at
each specific seismic hazard level. The optimum designs also reduce
global damage, as details will be explained in the following sections.

Figs. 4, 5, 6 and 7 illustrate the height-wise distributions of
maximum plastic rotation ratios in columns (Omax.c/6rargerc) for 3-, 5-,
10- and 15-storey optimum and initial designs. The results represent the
average values under the selected six artificial records corresponding to
LS and CP performance levels subjected to DBE and MCE records,
respectively. It can be seen that the optimum solutions generally expe-
rienced less maximum plastic rotation ratios and localised damage
concentration. It should be noted that in some cases the optimum de-
signs exhibited larger plastic rotation ratios than their initial design
counterparts (e.g. first storey in 3-storey frame, and first three storeys in
15-storey frame). This is because the optimum solutions use smaller
column cross sections in these storeys to achieve a more efficient use of
material capacity. This leads to higher axial load ratios in these ele-
ments, which also affects their rotational capacity.

Tables 4, 5 and 6 present the average maximum responses in terms of
inter-storey drift, and plastic rotation in columns and beams, respec-
tively, for optimum and initial designs at different performance levels.
The results demonstrate that the proposed optimum design framework
reduces maximum inter-storey drift ratios up to 15 %, 36 %, 58 % and
23 % for 3-, 5-, 10- and 15-storey frames, respectively. When structures
are subjected to DBE and MCE earthquake records, optimum design
solutions also result in significant reductions in maximum plastic rota-
tion ratios in beams and columns up to 13 %, 42 %, 78 % and 20 % for 3-,
5-, 10- and 15-storey frames, respectively. It can be concluded that,
compared to the initial designs, the proposed optimisation technique is
helpful in improving the structural safety of all the selected frames at IO,
LS and CP performance levels by reducing localised damage and pre-
venting soft storey failures. In optimum design solutions, material ca-
pacities in most of storeys are fully exploited, which in turn leads to a
more uniform performance distribution aligned with the concept of
UDD.

As an example, Table 7 presents the details on section dimensions of
the 10-storey RC frame for both optimum and initial designs. In the
optimum design, the element cross section dimensions were only
increased in the top storeys, while the dimensions of most sections were
reduced to achieve more efficient material usage. The difference in total
volume of concrete used in the beams and columns in the 10-storey
frames is found to be 20 %.

In general, the optimum design solutions required considerably
lower reinforcement ratios to satisfy the selected performance target. As
an example, Table 8 presents the longitudinal steel reinforcement design
details of beams and columns of the 5-storey RC frame before and after
optimisation. It can be noted that in the optimum design the ratios of
columns and beams in several storeys tend to the minimum allowable
limits in Eurocode 8 so that material can be more efficiently used. The
dimensions of such sections cannot be reduced otherwise the 10 design
targets will be violated. The difference in total weight of reinforcement
steels used in the beams and columns in the 5-storey frames is found to
be 43 %. More information about cross-section dimensions and longi-
tudinal reinforcement ratio of initial and optimum design solutions for
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Fig. 3. Height-wise distribution of A ;,,,x for optimum and initial design solutions for 3-, 5-, 10- and 15-storey frames, average results under six artificial records at IO,

LS, CP performance levels.

3-, 5-, 10- and 15-storey RC frames are presented in the tables in Ap-
pendix A and B.

4.2. Global damage index

Previous studies indicated that maximum inter-storey drift ratios
may not always accurately predict damage state of a structure, espe-
cially when the structure dissipates a large amount of earthquake input
energy through large plastic deformations [59,60]. To investigate the
efficiency of the proposed optimisation method on reducing overall
structural damage during an earthquake event, this study quantifies the
damage by using the damage index which is evaluated as a function of
displacement ductility and dissipated energy. To achieve this, the

structural damage index in the i" storey (D;) is first estimated, using the
“demand versus capacity” concept as suggested by [61]:

5. —8\°
D; = 27
(a,—s,) @)

where &, 6; and §, are the calculated, threshold and ultimate values of
specific damage parameter, respectively. Constant parameter b is
determined based on experimental data, which is suggested as 1.5 for
reinforced concrete frames [62].

In this study, the displacement-based ductility ratio (u) is considered
as the damage parameter to evaluate the structural ability to deform
within the inelastic range before failure. The maximum ductility ratio
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(Umax) can be obtained using the equation (28):

Amax.i

Ayield.i

(28)

”max:

And the corresponding ultimate ductility (#,mq.) i calculated as:

Aultimate‘i

= 29
Ayield.i ( )

Huttimare =

where Amavi, Ayiegi and Aygmae; Tepresent peak inter-storey drift,

yielding drift and ultimate drift capacity in ith storey, respectively. Ayiq;
can be estimated through pushover analysis by applying a mono-
tonically increasing lateral load and adopting a bilinear representation
of the capacity diagram based on equal energy principle as suggested by
ASCE 41-13 [7]. In this study, Ayymae; iS assumed to be the target
limiting value at CP performance level in accordance with ASCE 41-06
[47], and the value is for structural failure is assumed to occur. Using the
defined ductility parameters, Equation (28) can be written as follows to
calculate the storey damage index corresponding to it storey (D;):
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Table 4

Maximum Apgy (%) of 3-, 5-, 10- and 15-storey frame with optimal and initial design solutions.

Performance Immediate Occupancy Life Safety Collapse Prevention
Level
RC frames Optimum Initial Gain Optimum Initial Gain Optimum Initial Gain
3-storey 0.45 0.50 10.7 % 2.00 2.36 15.4 % 4.04 4.68 13.2%
5-storey 0.46 0.68 32.8% 2.04 3.18 35.6 % 3.40 4.96 31.2%
10-storey 0.65 1.01 35.3% 2.08 4.88 57.5% 3.16 7.48 57.9 %
15-storey 0.60 0.66 9.0 % 2.12 2.74 229 % 3.28 3.30 31%
Apari = Ayieai " because the proposed optimisation methodology significantly reduces
D= Ao — A o (30) maximum inter-storey drift ratios and prevents “soft storey” failures in
ultimate.i yield.i

This damage index formula assumes that the largest damage in each
storey is expected to happen where inter-storey drift ratio at i level
reaches the maximum value during the earthquake.

Subsequently, the global damage index D, is defined as weighted
average of damage index D; at individual storey levels:

N
E _ Diw;
— i=1
= N
E Wi
i=1

In the above equation, N represents the total number of storeys. w; is
the weight factor for it storey represented by dissipated energy. Here it
is assumed that the amount of energy dissipation corresponding in each
storey is proportional to its damage index, D;, as suggest by previous
studies [63,38]. The global damage index D, ranges from 0 (undamaged)
to 1 (completely damaged).

Fig. 8 shows the mean global damage indices of 3, 5, 10 and 15-sto-
rey RC optimum design frames compared to their code-based design
counterparts under the six selected earthquakes. The results indicate
that the UDD optimisation led to less overall damage at both LS and CP
performance levels. It is shown that, compared to the initial frames, the
optimum design solutions experience less damage up to 64 %, 51 %, 88
% and 52 % for 3, 5, 10 and 15-storey frames, respectively. This is

D, (€3]

Table 5
Maximum Plastic Rotations Demand to Capacity Ratios in Columns of 3-, 5-, 10-
and 15-storey frame with optimum and initial design solutions.

Performance Life Safety Collapse Prevention
Level
RC frames Optimum Initial Gain Optimum Initial Gain
3-storey 0.59 0.64 8.6 % 0.99 1.05 5.8 %
5-storey 0.78 1.19 34.4 % 0.96 1.65 42.0 %
10-storey 0.46 212 78.2% 0.66 2.89 77.2%
15-storey 0.68 0.80 16.0 % 1.04 0.96 —8.4%

10

the storeys where the response violates the drift limits. Indeed, the drift
profiles of all optimum frames tend to be close to the target limits at all
specific performance levels in most storeys. Although this cannot be
completely achieved due to the influence of axial loads on columns in
lower storeys, structural materials at most storey levels are efficiently
utilised, which results in a better seismic performance and hence a lower
global damage index.

5. Sensitivity analysis
5.1. Effect of convergence parameter

In a nonlinear system, previous studies indicate that changes in the
design variables during the iterative process should be made gradually
to avoid divergence [64,34,38]. In the proposed UDD optimisation
method, the convergence speed is governed by the value of convergence
parameter o. A small value of o increases the chance of convergence, but
at the expense of increasing computational costs, whilst a larger « re-
duces computational cost, but may generate significant fluctuations and
divergence. This highlights the importance of selecting a suitable value
of convergence parameter by considering a balance between computa-
tional efficiency and convergence. Figs. 9 and 10 show the variation of
maximum inter-storey drift ratios (Amec) and maximum plastic rotation

Table 6
Maximum Plastic Rotations Demand to Capacity Ratios in Beams of 3-, 5-, 10-
and 15-storey frame with optimum and initial design solutions.

Performance Life Safety Collapse Prevention
Level
RC frames Optimum Initial Gain Optimum Initial Gain
3-storey 0.80 0.90 11.3% 0.87 0.99 12.6 %
5-storey 0.68 1.04 34.9 % 0.64 0.90 29.3 %
10-storey 0.54 1.10 50.9 % 0.40 1.05 61.7 %
15-storey 0.52 0.66 20.4 % 0.42 0.44 4.8 %
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Table 7
Initial and Optimum Member Sizes (unit: mm) of 10-storey RC frame.
Element Storey Dimension Dimension Element Storey Width Depth Width Depth
No. (Initial) (Optimum) No. (Initial) (Initial) (Optimum) (Optimum)
Column 10 300 350 Beam 10 300 300 350 300
9 300 350 9 300 300 350 300
8 400 350 8 400 350 300 300
7 400 350 7 400 350 350 300
6 400 350 6 400 350 350 300
5 400 350 5 400 350 350 300
4 450 350 4 450 400 350 300
3 450 400 3 450 400 400 350
2 500 450 2 500 450 450 400
1 500 450 1 500 450 450 400
Total Initial Optimum
Volume 43.95 (m®) 35.37 (m®)
Table 8

Initial and Optimum Component Reinforcement Ratios (in %) of 5-storey RC frame.

Storey No. Element Rein. (Initial) Rein. (optimum) Element Top rein. (Initial) Bottom rein. (Initial) Top rein. (optimum) Bottom rein. (Optimum)
5 Column 2.68 % 213 % Beam 1.12% 0.67 % 0.72 % 0.43 %
4 2.68 % 1.01 % 1.12% 0.67 % 0.35 % 0.35 %
3 1.97 % 1.00 % 0.96 % 0.57 % 0.33 % 0.33 %
2 2.36 % 1.00 % 0.86 % 0.57 % 0.33 % 0.33 %
1 2.01 % 1.02 % 0.36 % 0.27 % 0.33 % 0.33 %

Total Weight Initial Optimum
2480.6 (kg) 1428.7 (kg)
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Fig. 8. Global damage index for 3, 5, 10 and 15-storeyy RC frames at LS and CP performance levels, average results under six artificial earthquakes.
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ratios (Omax,c) of the 5-storey frame versus the iterative steps, for a values
equal to 0.005, 0.02 and 0.07, respectively. The results are shown for a
single spectrum-compatible artificial earthquake (SIMO1) and corre-
sponding to DBE level, but a similar trend was observed for the other
earthquake records. It should be noted that the sensitivity analysis
started with the optimum solution obtained at the end of the elastic
design optimisation.

The results show that the convergence speed is very slow when the
convergence parameter o is 0.05. On the other hand, using o equals to
0.7 leads to divergence, which is especially evident in the case of
maximum plastic rotations. The a with value of 0.2 provided steady
convergence without any major fluctuations, and the final design was
practically obtained in less than 40 steps.

It should be noted that Hajirasouliha et al. [33] also suggested using
convergence values between 0.1 and 0.2 for single level performance-
based optimisation of RC frames. In another study, Nabid et al. [63]
demonstrated that reasonable convergent solutions of RC frames with
friction dampers can be obtained when the convergence parameter

12

ranges from 0.2 to 0.5. Therefore, the convergence parameter a equal to
0.2 was used for the optimisation in the plastic phase in this study.

5.2. Effect of earthquake record variability on various design approaches

Earthquakes are random excitations in nature and their frequency
contents and amplitudes in future events cannot be accurately predicted.
Consequently, the optimum design solution may be affected by uncer-
tainty associated with different characteristics of the design earthquakes
and may change due to the variability of the earthquakes. This section
investigates how the uncertainty in the selection of earthquake records
affects the design optimisation. Three alternative design approaches are
examined: (i), Initial design obtained by following Eurocode 8 regula-
tions (named as “Initial design” in previous sections); (ii), Optimum
solution obtained based on the average responses under six chosen
earthquake records (named as “Optimum design” in previous sections),
(iii), Optimum solutions obtained based on a randomly selected single
spectrum-compatible earthquake record, here the optimisation is
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Fig. 13. Efficiency of the selected design approach in terms of average height-wise distribution of Ane under six artificial earthquakes at IO, LS and CP levels, 10-

storey frame.

processed individually under SIMO1 and SIMO3, respectively (named as
“SIMO1 optimum” and “SIMO03 optimum”). In the third alterative design
approaches, the same multi-level optimisation methodology was applied
but under a single chosen earthquake record. Nonetheless, for compar-
ison purposes, the performance of the three design approaches is
assessed using all six spectrum-compatible artificial earthquakes.

5.2.1. Structural performance of three design approaches

Figs. 11-14 show the effect of earthquake record variability on
height-wise distributions of inter-storey drifts at 10, LS and CP perfor-
mance level for all the reference frames. Figs. 15 and 16 compare,
respectively, the maximum plastic rotation ratio and global damage
index of 3-, 5-, 10- and 15-storey RC frames designed based on different
approaches. It should be noted that the result presented in Fig. 15 is the
maximum plastic rotation ratio among all the columns in each of the
selected frames. The errors bars in each histogram indicate the

13

corresponding standard deviations of responses under the six artificial
earthquake records.

These results demonstrate that, for low to medium-rise buildings (i.e.
3- and 5-storey), the use of single earthquake record (SIMO1 or SIM03)
can lead to sufficiently accurate seismic responses. In these cases,
compared to the code-based initial design, both SIMO1 and SIM03 op-
timum frames exhibited more uniform drift distribution, and satisfied
the target PBD limits at all storey levels whilst reducing the local (i.e.
maximum plastic rotations) and global damage indexes significantly.

For high-rise buildings (i.e. 10- and 15-storey), the frames designed
under both single earthquake records (i.e. SIMO1 and SIM03) exhibited
discrepancies in the values of A, compared to the target limits speci-
fied in PBD at LS level (>10 % difference). These frames also experi-
enced larger plastic rotation ratios (up to 59 %) and global damage
indexes (up to 36 %) than the corresponding optimum design solutions.
These differences are especially evident in the case of the 15-storey
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frame at CP performance level. These results can be justified since higher
mode effects in tall buildings are generally more prominent and may
lead to discrepancies in structural performance when earthquakes with
different characteristics are considered.

5.2.2. Material usage of three design approaches

In this section, the effects of earthquake record variability are
investigated in terms of the total material usage. The total concrete
volume (m?) and total reinforcement steel weights (kg) required for 3-,
5-, 10-, and 15-storey optimum designs are compared in Table 9, for the
different optimisation approaches. It can be seen that, most of the op-
timum design solutions required less structural materials compared to
their code-based initial design counterparts. Furthermore, for the opti-
misations under single earthquake, the random selection of earthquake
record could clearly affect the total materials usage for all the selected
RC frames. The results indicate that in the case of low to medium-rise
buildings, the optimum solution under a set of earthquakes generally

14

leads to less total material usage, compared to the case that only one
input record is used. This is in agreement with the previous observations
that by adopting the average response from a chosen set of earthquakes
records, the effects of different characteristics of the input design
earthquake (i.e. frequency content, amplitude) on the performance
assessment can be reduced, and overall, a more reliable design solution
is obtained [33].

It should be noted that previous studies demonstrated that design
optimisation using a single earthquake record can lead to an acceptable
design for steel frames with nonlinear viscous dampers especially in the
case of low-to-medium rise buildings [38]. However, this study shows
that the design optimisation of RC frames based on a randomly selected
single earthquake (e.g. SIMO1 or SIMO03) may lead to less economic
solutions. This is because optimisation of RC frame systems is more
complex, since, to achieve practical design solutions, it has to deal with
discrete optimisation of section sizes and limits in reinforcement ratios.
As a result, the solutions are sensitive to the characteristics of input
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Table 9

Total material usage for four alternative design solutions.

Design Alternative

Total Concrete Volume (m®)

Total Reinforcement steel weight (kg)

Initial design

Optimum design

SIMO1 optimum

SIMO3 optimum

Initial design

Optimum design

SIMO1 optimum

SIMO03 optimum

3-Storey 9.66 9.72 10.11 10.11 1318.8 1373.7 1664.2 1397.3

5-Storey 18.30 19.38 19.38 19.77 2480.6 1428.7 1475.8 2464.9

10-Storey 43.95 35.14 35.37 40.01 5809.0 3697.3 3438.3 3297.0

15-Storey 72.40 58.56 58.96 61.68 10063.7 6413.4 5392.9 6264.3
Table Al

Cross-section design details of Beams, 3-storey frames.

Storey Level

Height x Width

Reinforcement Ratio, top (%)

Reinforcement Ratio, bottom (%)

(ecm x cm)
1 40 x 35 0.67 0.43
2 30 x 30 1.10 0.45
3 30 x 30 1.10 0.45

earthquake records, and hence to obtain reliable design solutions for a
specific design spectrum, the average performance under a set of
spectrum-compatible records is necessary for the optimisation process.

While the presented results are based on the models and assumptions
considered in this study, the proposed multi-level optimisation frame-
work is general, and can be adopted for any design based on other
seismic design codes and performance criteria used in common practice.

6. Summary and conclusions

In this study, a multi-level performance-based optimisation frame-
work using the concept of Unform Damage Distribution is proposed to
minimise structural damage in multi-storey reinforced concrete frames
under earthquake events, while minimising material usage. The key
performance parameters, including plastic hinge rotations at the

element level and inter-storey drift ratios at the structural level, are
simultaneously considered in the optimisation procedure. A novel
approach is proposed to optimise both the cross-sectional dimensions of
elements and steel reinforcement ratios at elastic and plastic phases,
respectively, by satisfying multiple performance-based design criteria
and practical design constraints. The efficiency of the proposed method
was demonstrated by optimising the design of 3-, 5-, 10- and 15-storey
RC frames under a set of spectrum-compatible design earthquake re-
cords. From the results presented in this study, the following conclusions
can be drawn:

Table A3
Cross-section design details of Beams, 5-storey frames.

Table A2 Storey Height x Reinforcement Ratio, Reinforcement Ratio,
i 0, 0,
Cross-section design details of Columns, 3-storey frames. Level Width top (%) bottom (%)
(cm x cm)
Storey Level ze:lg};tc; ;’Vidth Reinforcement Ratio (%) 1 50 x 45 0.36 0.27
2 40 x 35 0.86 0.57
1 40 x 40 2.36 3 35 x 30 0.96 0.57
2 35 x 35 1.97 4 30 x 30 1.12 0.67
3 35 x 35 1.97 5 30 x 30 1.12 0.67
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Table A4 Table A8
Cross-section design details of Columns, 5-storey frames. Cross-section design details of Columns, 15-storey frames.
Storey Level Height x Width Reinforcement Ratio (%) Storey Level Height x Width Reinforcement Ratio (%)
(cm x cm) (cm x cm)
1 50 x 50 2.01 1 55 x 55 1.66
2 40 x 40 2.36 2 55 x 55 1.66
3 35x 35 1.97 3 55 x 55 1.66
4 30 x 30 2.68 4 45 x 45 1.86
5 30 x 30 2.68 5 45 x 45 1.86
6 45 x 45 1.86
7 45 x 45 1.86
Table A5 8 45 x 45 1.86
Cross-section details of Beams, 10-storey frames. 9 40 x 40 2.36
10 40 x 40 2.36
Storey Height x Reinforcement Ratio, Reinforcement Ratio, 11 40 x 40 2.36
Level Width top (%) bottom (%) 12 40 x 40 2.36
(cm x cm) 13 35 x 35 1.97
1 50 x 45 0.70 0.42 14 35 x 35 L.97
2 50 x 45 0.70 0.42 15 35x35 L97
3 45 x 40 0.87 0.45
4 45 x 40 0.87 0.45
5 40 x 35 0.86 0.57 Table B1
6 40 x 35 0.86 0.57 Cross-section design details of Beams, 3-storey frames.
Z :g x 32 822 gg; Storey Height x Reinforcement Ratio, Reinforcement Ratio,
x : : Level Width top (%) bottom (%)
9 30 x 30 1.12 0.45
(cm x cm)
10 30 x 30 1.12 0.45
1 30 x 30 0.33 0.33
2 40 x 35 0.79 0.33
Table A6 3 30 x 30 1.21 0.49
Cross-section design details of Columns 10-storey frames.
Storey Level Height x Width Reinforcement Ratio (%) Table B2
(em x cm) Cross-section design details of Columns, 3-storey frames.
! 50 x50 201 Storey Level Height x Width Reinforcement Ratio (%)
2 50 x 50 2.01 (cm x cm)
3 45 x 45 1.86
4 45 x 45 1.86 1 40 x 40 3.42
5 40 x 40 2.36 2 40 x 40 1.10
6 40 x 40 2.36 3 30 x 30 3.07
7 40 x 40 2.36
8 40 x 40 2.36
9 30 x 30 179 respectively. The optimum structures also, in general, experienced
10 30 x 30 179 more uniform height-wise distributions of inter-storey drift ratios
and plastic rotation ratios, hence preventing local damage.
Table A7 e In general, the optimum design solutions required considerably less
Cross-section design details of Beams, 15-storey frames. total structural materials by utilising more efficient cross-section
- - - - - sizes and reinforcement ratios. This was particularly evident in the
Storey Height x Reinforcement Ratio, Reinforcement Ratio, £10 d15 ¢ h both 1 d
Level Width top (%) bottom (%) case o 10- an - st01.rey rames, where both concrete volumes an
(cm x cm) total reinforcement weights were reduced by around 20 % and 36 %,
1 50 % 50 075 0.50 respectively. For the 3-storey, the required structural materials were
2 50 x 50 0.75 0.50 slightly increased (up to 4 %) to satisfy the prescribed performance
3 50 x 50 0.75 0.50 targets corresponding to multiple hazard levels.
4 45 x 40 1.05 0.70 e The magnitudes of global damage index were calculated separately
5 45 x40 1.05 070 when LS and CP performance levels were considered. The results
6 45 x 40 1.05 0.70 . o,
7 45 % 40 1.05 0.70 showed that the 3-, 5-, 10- and 15-storey optimum frames exhibited
8 40 x 35 1.12 0.67 up to 64 %, 51 %, 88 % and 52 % less global damage index compared
9 40 x 35 1.12 0.67 to the code-based solutions, respectively.
10 40 x 35 112 0.67 e The effect of different convergence parameters () on the efficiency
1 4035 1.12 0.67 and computational speed leading to the optimum solution was
12 40 x 35 1.12 0.67 ¢ . P ; P g P
13 35 % 30 1.15 0.77 investigated. It is shown that by using the convergence parameter (o
14 35 x 30 1.15 0.77 = 0.2), the optimum answer is generally achieved in less than 40
15 35 x 30 1.15 0.77 steps. This highlights the computational efficiency of the proposed

method compared to other optimisation techniques such as GA.

The effect of earthquake record variability on the optimum design
was investigated in terms of both seismic performance and total
material usage. It is shown that the design approach based on the
proposed optimisation methodology using a single spectrum-
compatible earthquake may result in less economic designs and
less satisfactory seismic performances especially in the case of tall-
buildings. Therefore, to obtain the most robust and economic

e The proposed multi-level optimisation framework can effectively
control the key local and global structural performance parameters
to satisfy multiple performance objectives (i.e. IO, LS and CP) under
different earthquake intensity levels ranging from frequent to very
rare earthquakes. Compared to the initial cade-based design frames,
the optimum solutions exhibited lower maximum inter-storey drift
ratios and maximum plastic rotation ratios by 58.3 % and 77.5 %,
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Table B3
Cross-section design details of Beams, 5-storey frames.
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Table B7
Cross-section design details of Beams, 15-storey frames.

Storey Height x Reinforcement Ratio, Reinforcement Ratio, Storey Height x Reinforcement Ratio, Reinforcement Ratio,
Level Width top (%) bottom (%) Level Width top (%) bottom (%)
(cm x cm) (cm x cm)
1 30 x 30 0.33 0.33 1 45 x 40 0.60 % 0.40 %
2 45 x 40 0.33 0.33 2 45 x 40 0.60 % 0.40 %
3 40 x 35 0.33 0.33 3 45 x 40 0.60 % 0.40 %
4 40 x 35 0.35 0.35 4 45 x 40 0.80 % 0.53 %
5 30 x 30 0.73 0.44 5 40 x 35 0.80 % 0.53 %
6 35 x 30 0.81 % 0.55 %
7 40 x 35 1.09 % 0.73 %
Table B4 8 35 x 30 0.30 % 0.30 %
Cross-section design details of Columns, 5-storey frames. 9 40 % 35 1.30 % 0.78 %
10 40 x 35 0.60 % 0.38 %
Storey Level Height x Width Reinforcement Ratio (%) 11 40 x 35 0.81 % 0.49 %
(cm x cm) 12 35 x 30 1.10 % 0.66 %
1 45 x 45 1.02 13 35 x 30 1.25% 0.84 %
2 45 x 45 1.00 14 30 x 30 1.48 % 0.99 %
3 40 x 40 1.00 15 30 x 30 0.61 % 0.40 %
4 40 x 40 1.01
5 30 x 30 213
Table B8
Table B5 Cross-section design details of Columns, 15-storey frames.

Cross-section details of Beams, 10-storey frames.

Storey Height x Reinforcement Ratio, Reinforcement Ratio,
Level Width top (%) bottom (%)
(cm x cm)

1 45 x 40 0.32 % 0.32 %

2 45 x 40 0.32 % 0.32 %

3 40 x 35 0.32 % 0.32 %

4 35 x 30 1.22% 0.62 %

5 35 x 30 1.46 % 0.97 %

6 35 x 30 0.97 % 0.65 %

7 35 x 30 1.01 % 0.67 %

8 30 x 30 1.17 % 0.78 %

9 35 x 30 0.98 % 0.47 %

10 35 x 30 0.35 % 0.35 %

Table B6

Cross-section design details of Columns 10-storey frames.

Storey Level Height x Width Reinforcement Ratio (%)

(cm x cm)
1 45 x 45 1.00 %
2 45 x 45 1.00 %
3 40 x 40 1.00 %
4 35 x 35 1.87 %
5 35 x 35 2.44 %
6 35 x 35 1.89 %
7 35 x 35 1.53 %
8 35 x 35 1.45 %
9 35 x 35 1.53 %
10 35 x 35 1.42 %

design solution, it is recommended to use optimisation based on the
average response of a set of spectrum-compatible records.
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Storey Level Height x Width Reinforcement Ratio (%)

(cm x cm)
1 45 x 45 1.80 %
2 45 x 45 1.00 %
3 45 x 45 1.00 %
4 45 x 45 1.00 %
5 40 x 40 1.00 %
6 40 x 40 1.18 %
7 40 x 40 1.76 %
8 40 x 40 1.00 %
9 40 x 40 1.74 %
10 40 x 40 1.06 %
11 40 x 40 1.07 %
12 35 x 35 1.76 %
13 35 x 35 1.60 %
14 30 x 30 3.56 %
15 30 x 30 2.85 %
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Appendix A. . Initial design results (Eurocode-based)
See Tables A1-A8.

Appendix B. . Optimum design results
See Tables B1-B8.
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