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Abstract

La scelta desistema strutturale ha un impatto molto elevato nella valutazione
dei costi di una struttura. Questa problematica € ancora piu influente quando

f QSRATAOAZ2 Ay SalyYS LINBaSydal LISOdzZ AFNRGL
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approfondita del percorso dei carichi. Con tale consapevolezza &ibles

ottenere, mediante la rimozione di materiale, una struttura piu rigida.

{A &a2y2 RSTAYAGS ljdzZ GGNB TFlLairo Lyylyla

continuo, mediante la quale € possibile avere una conoscenza generale del

percorso dei carichi. POY SRAF Yy S dzy Q2 G GAYAT T FT A2y S LI (
22fdd A2yS 08y RSFAVAGI® +A & ldAyYRA dzyl
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Infine, si procede a una fase atimizzazione degli elementi strutturali, ai fini di

rispettare le limitazioni delle normative.

La procedura illustrata é stata applicata a due studi: una Corte e Americana e un
edificio in Utah111 South Mai® t SNJ lj dzl yi 2 N Idzaziviel 1 O2
e stata usata per trovare una nuova tipologia per la travatura reticolare che

Fdzy3S RIF O2LISNIdzNF O2y fQ20AS0GADB2 RA Ry
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South Main tale metodo € stato applicato per trovare una nuova configurazione

del sistemdaterale.

In conclusione, tale approccio € apparso replicabile ed efficiente, fornendo
risultati soddisfacenti. Inoltre, la struttura ottenuta nello studio della corte e &
adralr STFAOFIOS Ff Lidzy(i2 RA SaaSNI AyaSNROGl |

Si rifene infine che introdurre questa procedura nel design di un edificio possa
esser molto utile, andando a influire non solo sul sistema strutturale, ma anche
adzZf £ QF NOKAGSGOGdzNI = FAdzlil yR2 | GNBGINB ydz2 @¢
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un sistema strutturale classico possa essere molto inefficiente.



Abstract

The structural system chosevhen designing a building highly influences its cost.

This problem is even more important when the stiwre has some peculiarities.

The following work focuses on finding a methodology for integrating new
typologies in structural analysis and design. In particular, the attention was
towards topology optimization, in order to understand and replicate tbad

path in the structure. In doing so, is possible to obtain a stiffer system by

removing material.

The methodology is divided into four main steps. Starting with a global topology
optimization in the continuum, the load path is generally understood.vivig

into a refined optimization, a more defined solution is obtained. Then the result
is brought from continuum to discrete through its interpretation. During this
step, the system is analyzed and the reliability of the result is verified. Once a
discretesystem is refined, the final step consists in optimizing the member sizes

in order to accomplish the requirements of the codes.

The procedure has been applied to two different case studies: a United States
Courthouse and an Office Buildingl1 South Mai in Utah. The topology
optimization has been used for finding a new typology for the roof truss on the

top of the Building, aiming to diminish the weight of the structure. On the office
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building instead, it has been used for finding a new typology for l¢teral

system, looking for a more efficient solution.

At the end of these processes, the approach has proved to be consistent and
successful. For both the studies, the new system met the requirements and the
objective proposed at the beginning. Furthesre, the optimized structure for

the Courthouse was included into the Detail Design drawings, giving even more

relevance to its efficiency.

As conclusion of this work, including topology optimization into the design of a
building can not only influencthe structural system, but also help finding new
architectural solutions that are at the same time beautiful and structurally
efficient. It is suggested to use this approach for special buildings, in which a

more classical system could be inefficient.
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La progetazione strutturale di un edificio e fortemente influenzata dallo sviluppo

F NOKAGSGU2yA02 RSt LINR3ASGl2z adSaazT yS3i
FyO2N) LIAG @GSN} NATFESGGISYR2 &adz t QS@2f dzl A2
sempre piu estreme.

Nela maggior parte delle situazioni il sistema strutturale viene definito

I fft QAYGSNYy2 RA dzy aSd RA arAadaSYA GALKOA
verifica normativa degli elementi. Muovendosi in questo ambito risulta evidente

che questa proceduraonduca da un lato ad un notevole risparmio in termini di

GSYyLR2 ySOSaalNxR2z2 LISN I RSTAYyAIA2YyS RS
possibilita di incorrere in un notevole sovra utilizzo di materiale. Questa doppia
conseguenza € ancor piu evidente quandoprogettazione riguarda strutture

speciali, ad esempio per effetto della crescente altezza dei palazzi e delle

richieste architettoniche.

bSt O2NE2 RS3IfA dzf GAYA RSOSYYyA [[dzSadsS LN
studiare tipologie strutturali inneative. Il processo pu0 essere sviluppato
AYyiS3aANI yR2 At 02y O0Siiz2 RA 200AYATT T A
progettazione sia ingegneristica che architettonica giungendo in questo modo a

nuove forme.

La possibilita di integrare queste nuove tipologiela progettazione proviene

dal confronto nato in un periodo di tirocinio presso lo studio di San Francisco

(California, USA) di Skidmore, Owings and Merrill LLP. Nota e diffusa in tutto il
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che in campo ingegneristico lavorando su svariati edifici alti. Le necessita di

minimizzare i costi delle strutture garantendo la massima qualita tecnologica e

sicurezza che caratterizzano SOM, ha spinto la societa ad un profondo studio di

queste ematiche. Questa importanza € ancora piu sentita nello studio di San

Francisco: lavorando su progetti situati in California, Medio Oriente e Cina, la
NAOKASall RA STFAOASYIT I aGNHzGGdzNF €S & | YLIX A
[ QA y G S 3 Nltdpdlogig ruttiralef nklla progettazione pud permettere di

cogliere la miglior soluzione in termini di utilizzo di materiale. Questo processo si

puo rivelare efficiente a tal punto da poter influenzare sia la progettazione

strutturale che quella architetinica.

9aaSNB FffQlF@Fy3adad NRAI Ay 1jdzSaGsS GSYIGAOKS

poter sviluppare nuovi sistemi strutturali € continuare nella crescita tecnologica.

Da questa necessita, il presente elaborato di tesi si prefigge come obiettivo

quello di definire una nuova metodologia che possa implementare
fQ2G0AYATTITA2yS (2L1R2€t23A0F ySttl LINRPISOGGLIT
sviluppo della fase di progettazione di dettaglio degli elementi strutturali

principali.

Il primo passo della metadogia consiste nella Global Topology Optimization; in

guesta fase un modello schematizzato del problema & sviluppato al fine di
A0dzRAITNE Af LISNO2NE2 RSA OF NAOKA |ffQAyGS!
studio la struttura e definita nei suoi elemt generali, i piu importanti dei quali

sono il dominio di ottimizzazione e le condizioni al contorno.

A questo punto un analisi ad elementi finiti viene condotta per redistribuire il

materiale imponendo come obbiettivo la massimizzazione della rigidézita

struttura. Il risultato fornisce un layout strutturale per diversi valori di volume
NEBaARdA2T Af YFGSNARAIFIEST AYyFFEGOGAZ 8§ NARAAGNR

nelle aree con maggiori sforzi.
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In seqguito, viene eseguita la Refined TopologtiMpation: questo step consiste
semplicemente in un analisi ad elementi finiti piu raffinata della precedente una

volta che il concept architettonico € maggiormente sviluppato: un maggior

numero di parametri devono essere controllati e molti piu particosdrutturali

devono essere noti. Il risultato consiste, quindi, in una distribuzione di densita

ff QAYGSNY2 RSt R2YAYyA2 RA LINRB3ISOHGIT A2y S

in funzione del percorso dei carichi e della frazione di volume residudetasa.

Pyl @2t 0 NY3IAdzy Gl dzy QF RS3dzk 4§ 02y 23408
strutturale, una profonda interpretazione analitica dei risultati deve essere
SaS3aAdaAadl & vdzSadQlrylrfAair KIF O02YS 20ASGUA(
discreta che indidui la posizione, la lunghezza e gli angoli reciproci tra ogni

singolo membro.

In questa fase si introduce la capacita ingegneristica di interpretazione dei

risultati a partire da quelle che erano le ipotesi alla base del problema di

ottimizzazione. Sp&s2 |j dzSa i QlF yI t A&A 8 FOO2YLJ Ayl Gt
analitici di letteratura: ad esempio, nel corso dello studio si e fatto ampio
NAFSNAYSYy(G2 | &dGdzRA RSttt QAYy3ISIYSNB | dzaidN

studi sulla meccanica di Maxwell.

Il passaggio finale consiste nella Member Size Optimization: vengono definite le
dimensioni sezionali di ogni singolo elemento del modello discretizzato.

Per prima cosa viene costruito un modello utilizzando un software di analisi
strutturale facendo riferirento alle normative vigenti. A questo punto inizia un

processo iterativo che definisce la dimensione di ogni singolo elemento da

sezioni commerciali disponibili e facendo riferimento alle verifiche richieste da
normativa.

Questo passaggio pud essere autdmal T I G2 FGGNF GSNER2 f QA Y
Ff 32NAGYA 3ISYSGAOAT Ay 1jdzSaidz2z Y2R2 § LI

strutture con centinaia di elementi riducendo i tempi che sarebbero richiesti da
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del peso di materiale utilizzato.

[ QSTFAOASYT I RA jdzSadl YSG2R2t23AF & &Gk al
differenti casi di studio: un corte e deglil $ G A ! YA (A 1RIQSoxtS NA OF SR
Main, entrambi progetti in corso di sviluppo presso lo studio di SOM di San

Francisco.

Il primo caso di studio fa riferimento ad una corte e il cui aspetto architettonico e
RSTAYAG2 RIFE F2NXYI @didA retri sudd@vigi inde@ @anif G ST T 1 G 2
sistema laterale consiste di 4 core con forma a C e da 4 shear walls interposti;

guesto sistema serve anche come sistema per condurre i carichi verticali al

sistema di fondazione interagendo con le colonne perimegal sistema di travi

e metal deck. La particolarita del sistema consiste nel fatto che le colonne,

adempiendo a normative per la sicurezza, non possono proseguire fino alla

F2yRFET A2yS YI a2y2 AYOGSNNRGGS | f&iQrtaST 1T |
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ai core centrali utilizzando una travatura reticolare nel piano di copertura; da

guesto meccanismo strutturale consegue un comportamento particolare per le

colonne: &vorano tutte in stato di tensione e non di compressione come per

comuni edifici.

Lo studio di ottimizzazione si e focalizzato sulla travatura reticolare che era stata

inizialmente progettata secondo il modello classico di Warren al fine di ottenere

un mirore peso del sistema ed una minore dimensione degli elementi favorendo

fl NBFEfATTITA2YS RSttS O2yySaairzyirio Lf &dz0
dal fatto che la struttura reticolare finale e stata inserita nei disegni strutturali

consegnati al comactor nella fase di progettazione di dettaglio.
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Il secondo progetto su cui si & sviluppato lo studio é statalth South Main
LIN23ISGG2 Ay FlLAS RA a@Aafdziidz | {FEd [F Q¢
LIAF YA LISNJ dzy QI £ (G ST IUa pattieolaritsf dSquesib ptdgettb mm g
O2yarausS ySt FLdd2 OKS IfftQAYGSNYy2 RSt
progettazione una costruzione indipendente, lo Utah Performing Arts Center.
vdzSaid2 aSO2yR2 LItFT T2 air SdaidyFEh LISNI dzy
Main rendendo a sbalzo un ampia porzione dei piani dal livello 5 fino alla
copertura. Anche in questo caso di studio le colonne nelle aree tributarie a

sbalzo devono essere sospese non potendo continuare fino al sistema di
fondazione.

Per questo progetto si e pensato di sviluppare un sistema alternativo a quello
precedente che eviti di utilizzare la travatura reticolare per trasmettere i carichi

A O2NB OSYiUNIfADd [ QARSI LISNI ftQ20G0AYATT I
perimetraleche raccolga i carichi regionalmente alle diverse altezze del palazzo e

li trasmetta direttamente ai core.

LY SYGNrYoA A OF&AAXT LIRAZ f2 &aGdzRA2 § adl
punto di vista delle prestazioni di servizio: verifica deplstamenti verticali e

spostamenti interpiano. Quello che si é trovato €& stato un resultato
stupefacente: la rigidezza di un sistema strutturale puo essere incrementata
rimuovendo materiale fintanto che questo € posizionato nei punti nevralgici della

struttura. Questo risultato € in qualche modo spiegato dal punto di vista teorico

dagli studi di Michell e Maxwell: integrando questa metodologia nella
progettazione di strutture speciali si puo giungere a notevoli risultati in termini di

risparmio di materiad e di capacita strutturali.

Risulta evidente che la metodologia si configura come un sussidio prezioso
specialmente per progetti con caratteristiche particolari e non per comuni edifici.
vdzSaidl LINPOSRdAz2NI NAXAOKASRSIZ Aafit®leniedtih = f dzy 3
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appositamente lo studio.

Per le ragioni sopra citate, quando la progettazione richiede di far fronte a

LI NI AO2t F NA LINRPof SYAS Af rigiledzhlleNsteri®ga RA Y I G SN
risultano considerevoli e di gran lunga convenienti paragonati ai costi richiesti da

soluzioni tipiche. Per progetti comuni, invece, questa metodologia pud essere

sostituita con il giudizio ingegneristico senza ottenere risultatitondifferenti da

quelli ottenibili con questa procedura.

Ad esempio, in entrambi i casi di studio la particolarita e stata rappresentata dal

fatto che parte o la totalita delle colonne non potevano giungere alla fondazione

ma dovevano essere supportate da altro meccanismo.

lff2 &daGSaaz2 GSYLR LISNBI fQdziAftAl T2 RA | dzS
consente di allargare il campo dei sistemi strutturali noti, replicabili anche in

maniera piu standardizzata ad edifici considerati comuni.

In conclusione, ilavoro di tesi giunge a definire una procedura consistente che
puo essere applicata nella pratica progettuale. | passaggi delineano una serie di
step consecutivi che seguono il normale percorso progettuale dalla fase del
O2y OSLIi FAYy2 Hago.QAy3ISIYSNARLIF RA RS
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nella progettazione di differenti componenti strutturali; nella corte e, infatti,

stata ottimizzata una travatura reticolare mentre nelldl South Mairo studio

si é focalizzato sullo sviluppo di un sistema strutturale alternativo. La

metodologia puo, quindi, essere applicata a differenti problemi senza cambiarne

le ipotesi teoriche di base.

Gli studi sono stati condotti integrando metodi analiticissi@i e moderni mezzi
computazionali; entrambi sono fondamentali poiché garantiscono di poter
aS3dzANB f QS@2tdd A2yS RSttt LINRASOHGFET A2yS |
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e strutturale e fondamentale poiché in questo modo si puo giungere a soluzioni
ancor piu efficienti tramite una reciproca influenza. Il metodo, infatti, soddisfa un
RdzLJt A OS O2YLIAG2Y aS3dzS 2 agAit dzli
efficienza ma nendirizza anche le modifiche.

5F [dzSad2 LldzyG2 RA @Araidl fQdziAf ATl 2
rimane di fondamentale importanza per poter far fronte alle modifiche
architettoniche rapidamente senza dover ripetere completamentstiadio ma
semplicemente modificando i risultati gia ottenuti grazie alla comprensione del

comportamento strutturale globale.

- ND

NJ
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problema meccanico di massimizzazione della rigidezza strutturale in campo
elastico lineare con materiale isotropo.

Un ulteriore effetto che dovrebbe essere considerato € quello legato agli effetti
RSt a S 02 y R @RilteR Inféats dnon [ifldeyza in alcun modo la
ridistribuzione del materiale e la snellezza degli elementi non e valutata: il

materiale si comporta allo stesso modo, dunque, in compressione e tensione.

Ly LI2Aa&A0AES az2fdd A2y Sne dizunNEtorée 8i  Sa a S NJ
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teoria euleriana. Questo fattore pud portare ad una radicale modifica dei
percorsi di carico per minimizzare specificamente il cammino dei carichi in

compressione.

Inoltre, un campo di interesse € rappresentato dalla Multi Objective
Optimization: questo argomento € stato affrontato nel corso dello studio della
111 South MainIn quel caso di studio, il processo di ottimizzazione é stato
condotto sia per cachi gravitazionali che per carichi orizzontali sismici. |l

YSGi2R2 &a0Stid2 LISNI I Nrazfdad A2yS RSt

LINE
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stato assegnato un peso ad ogni singolo carico e si &€ proceduto a massimizzare la
rigidezza per il caso di carico etiuto. Questo ha permesso di trasformare il
problema in un problema di ottimizzazione con Single Objective.

Questo modo di procedere studia un percorso dei carichi unico unendo carichi
gravitazionali e sismici; ulteriori discussioni hanno suggerito chebbar
auspicabile sviluppare studi separati in modo da ottenere il comportamento della
struttura in modo chiaro. Una volta che la soluzione e ottenuta per entrambi i
casi la sintesi dovrebbe essere definita nel momento in cui si passa alla
costruzione del madello discreto.

Questa considerazione acquisisce notevole importanza dal momento che il peso
totale della struttura ottimizzata pud subire considerevoli incrementi dovuti ai

carichi sismici se questi non vengono considerati negli step iniziali di studio.

Ly O2yOfdzaiz2ySs AYLESYSYGFrNS fQ200AYATT I
modifiche considerevoli nel design strutturale soprattutto per strutture speciali.

[ QAVUNRBRdzZ A2yS RStftlF YSG2R2ft23AF  Llz5 LI2NI!
risparmi di materiale, maanche ad una piu profonda conoscenza del

comportamento strutturale globale e dei percorsi dei carichi. Benché la soluzione

non sia applicata direttamente alla progettazione, questa pud supportare la
LINEISGGFT A2yS RA £ GNB Rtergign® Nb yueiA & G NXzd G d
componenti che sono stati sviluppati dalla soluzione della procedura di

ottimizzazione.



CHAPTER 1

Introduction

The design of a building feghly influenced by the architectural scheme that

comes froma conceptual desigrin this phase, a structural system is thought and

usually it comes from the experience and the understanding that the structural
SY3a3AYSSNJ KlFa 2F GKS o0daAfRAYIQE 0SKI QA2
developed and the majority of the effort is put ime attempt of fulfill the

concept.

It appears clearthat the structural system is usualishosen froma set of

G 0 & LIA Ol € Ehis ahdiée (&M sometimes be a double edge sward: if on
one hand preferring a known system can save a lot of time in teofs
understanding and develapent of the structure, on the other hand it is likely
that a waste of material is necessary in order to accorhis the checks of the

design.

This double possibility is even more evident when the building to be designed
has some peculiarities that influence the normal load patAfiese types of
buildings arenowadays even more frequent due to the increasing height of the

structures and thébizarre architecture.
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A way ofsolvingthese issuesan be found in new typologiesntegration of
Topology optimization softwarmto the structural desigiean be used in order to
discover tlesenew shapes and systems.

Using topology optimization in structures can turn out to be the best solution in
terms of the economy of materials. Fiwermore, from such studies also
innovative shapes and forms can outcome, influencing not only the structural
system, but also the architecture and esthetics if considered in early phases of

the project.

The possibility of integrating those new typologlieto the design was given by a
period of internship into a worldwide known firm, Skidmore Owings and Merrill
LLP(USA) which daily faces the challenges of designing tall and innovative
buildings throughout the world. Responding to tgeowingneed of minimizing

the cost of new structures while alwayguaranteeng the security, the
technologies and the higperformance features of SOM, pushed thdirm

towards theinvestigation of this topic.

Even more importance was given to this subject in difiice o San Francisgo
California, USAThis office indeed has tdeal not only with the challenges
previously explained, but also the requirements of building in a high seismicity
zone such as California and the states of the West Coast of the United States of
Americg together with China and East Asia

In these conditionsbeing al'avarngardeon this topic can be critical in order to

have the chance of developing more sophisticated seismic systems.

Startingfrom this need, the following work aims to define a methodology for
implementingthe topology optimization into the design of buildggsince the
early phases until the detailed scheme of the main members of the structure.
The developed methodology hasbeen tested in its consistency thanks to its

application to two different projects, bothocated in the West Coast of the

28
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United States. Both those projexsta United StateCourthouse and an Office

Towerin Salt Lake Cily OlF'y 06S RSTAYBRIG& WORILISIOA LI G2
peculiarity that they show. For this reason, the research that has been carried

out is more impotant to achieve a double goasatisfying the requirements of

the codes with the least amount of materiélloreover, a new methodology can

develop structures, whichare stiffer even though using a lower amount of

material; topology optimization can move material to areas where material is

more influent.

The study could take place thanks to the chances that SOM gave by including the
research dectly into the development of the projects, influencing not only the

engineering aspects, but also the architectural reasoning.

The final objectivef this workis to give a clear stepy-step procedure that can
be inserted into those projects that momeeed optimization both because of
special system that characterizehe building and for the expensesontrol

required by some assignments.

28






CHAPTER 2

General Aspects

Over the last few decades, an increased attention has been given in recent
research to the problem of optimizing the use afaterial in structural
engineering design[(], [2]). The work is an attempt to unify the methodology of
optimization and design, starting from tlmncept to the element size definition

in the final discrete structural lagut. This thesis approach focuses on the overall
development of an efficient process design.

The purpose of the work is to outline how optimization can be implemented in
each stepof the design; once a deep understanding of the capabilities of the
method is gained, it is more trivial to take advantage of the method in a variety
of projects, particularly the ones presenting particular design issues, thus
creating a standard optimitian procedure.

The efficient use of material is important in many different fields from the
aerospace and automotive industry to the building construction. In particular,
the improvements of the last decades in the optimization of the geometry and
the layout of the structures is related to the development of faster and powerful
computational methods applied in various different software applications able to

discretize the domain and outline the best redistribution of material; these new
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tools are able to wrk with problems having millions degree of freedom but

keeping computational times affordable and results reliable.

The process of optimizing the structure involves all the steps of the design from
the concept to the code checks. In the early steps ofigie the topology
optimized shape is defined in terms of material density over the domain and the
geometry is described by what amounts of raster as seen in computer graphics:
this is the concept stage which is greatly affecting the structural efficidrater
modifications on the concept of the project will have a lower impact on the
efficiency of the adopted solution design.

Since the aim of this work is to define a complete design methodology, it is
necessary to couple a computational and an analytiggdroaches to achieve a
deeper understanding of the structural behavior; finally, the size optimization is
focused on the code checks to define members shapes to be used which are not
exactly respecting the material requirements in each structure poietsabse of

the fixed standard dimensions of commercial elements.

A focus is conducted on the analytical studies; the first studies were developed
by Michell (1904) recovering works done by Maxwell in the field of the structural
mechanics. In the early sigs, it was recognized that the approach developed by
Michell could be applied to largecale problems with millions degrees of
freedom developing specialized algorithms.

The importance of finding the optimal solution for the structural system can be
seen fom various point of view. Firstly, a better use of material can lead to
better structural performance: it can be proved that using a lower amount of
material it is possible to obtain a structure which is stiffer. This has been
observed in the analyticatidies by the Australian engineer Michell developing
iKS alEgStftQa ¢KS2NBYY KS RAa02@SNBR
material and the tip deflection in a truss system. For different schemed he found

out that the lightest truss is also the one withwlest vertical deflection.

32
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On the other hand, a better structural layouts help designers to achieve great
savings in terms of material use; material savings are even more significant in
steel structures where the material cost is predominant compared terassy

cost because steel elements are not castpiace. Moreover, in modern
structural design an important variable is the building sustainability and the
effects on the environment: such problems are the object of several studies and
significant resultsn literature point out that one of the main contribution to the
carbon emission is due to material consumption considering production and
transportation.

For the above stated reasons in modern architectural and engineering design,
topology optimization tols have started to gain a central position in the design.

It is so important to note that these tools are meant to be utilized with a critical
engineering view and compared to analytical studies and theoretical background.
Nevertheless, applying topologptimization in the concept stage of the design
requires a close cooperation between designer and analysis engineer.

In the present chapter it is described the complete methodology, following the

design process step by step.

2.1 Global Topology Optimization

The first step consists in the Global Topology Optimization; the study helps
developing a general understanding of the load path in the structure at the
concept level. One of the most commonly used tools is solidThinking Iri8pire
by Altair; this kind of software allow a 3D finite elements analysis with a
simplified structural model. Inspire helps to develop a new materialolaty
within a design domain only defining boundary conditions and loads apgliesl
material is described as linear elastic with isotropic behavior; it is not possible to
define multiple materials and for this reason no material properties are needed.

In Figure2.1 an example of Inspire moded shown:
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Figure2.1 Example of Inspire moddB]

The updated layout can be shown for different thresholds of fraction volume left
of the design domain (shadow volume kigure2.1). It is possible to define a
NonDesign Space which can be used to apply loads or boundary conditions or to
model the stiffness of elements that cannot be removed due to architectural
constraints (dark grey elements in the above figure). At this level of study it is not
necessary to preciggdefine the magnitude of loads applied but it is sufficient to
know if they are surface or concentrated loads and their location; the magnitude

can be assumed to have unitary value.

2.2 Refined Topology Optimization

Once the system global behavior is clgadefined, a deeper study is tbe
conducted which is called Refined Topology Optimization. The goal of this step is
to achieve a robust understanding of the optimized solution by varying more
parameters. The analysis is performed using a different kingbfifvare. In the
Altair suite, the tools used for the finite elements modeling is Hypernjéjsand

the one to solve the optimization problem is Optistr{is}.
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This software allows a FE analysis with a wide set of parameters to be varied in
order to capture the real structural behavior. First, it is necessary to define if the
study is meant to be conducted as a plane or a volume problemsaftevare, in

fact, allows the use of both 2D and 3D finite elements with quadrangular and
triangular shape. There are problems in which two dimensions are significantly
greater than the third so that they can be described with plane shall elements; if
all the three dimensions are comparable to each other, then 3D element are to
be used. There is also the possibility of customizing the mesh and refining it in
areas of higher stress concentrations.

The geometry is to be defined setting by material properteasl boundary
conditions; the material is modeled as linear elastic but different materials can
0S RSTAYSR &2 GKFG LINPLISNIASAE | NB G2
and Shear Modulus) in order to catch the correct stiffness of each members.
Furthemore, loads are to be defined with more accuracy than in the global
topology optimization because the structural stiffness is better described in the
model. It is possible to define the magnitude of the leading load combination as
per ASCE Code (Americ&ciety of Civil Enginnering) or by implementing
multiple load combinations in case of multiple objective optimization.

The optimization setip consists of objective function (f.e. minimum
compliance), structural constraints (f.e. maximum tip deflectionnmaximum
allowable stress) and maximum convergence tolerance. An example of

HypermesH4] model is shown ifrigure2.2:
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Figure2.2. Example of Hypermesh model and Mesh &4t [4]

Results can be shown in terms of material density and Stpesssure for each
iteration of the optimization process. The software allows a fastupebf the
analysis so that a parametric study can be easityducted in order to

investigate the influencef the different parameters on the load path.
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Figure2.3 Results plotg Hyperview[4]
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2.3 Interpretation of Topology Optimization

The next step consists dhe interpretation of the results outlined in the
topology optimization in order to define the discretized shape of the structure;
the output is the definitive discrete geometry defining position, length and
mutual angles of each member.

At this level itis very important to use sound engineering judgment to come to a
feasible solution; for instance, since the topology optimization analysis catches
only the linear elastic behavior of material without penalization for buckling, it
could be possible to add dlip over some members to prevent lateral buckling.
Furthermore, the interpretation of the results can be founded on analytical
studies from the theory of the elasticity; important works from Rankine, Maxwell
and Michell can be combined to the computatal analysis. Moreover, in many
cases the nature of this studies is theoretical and so this concepts have to match

with constructability considerations.

2.4 Member Size Optimization

The last step is called Member Size Optimization. This step is necesshopse c

the members that are minimizing the total weight of the structure; steel shapes
are picked out from approved and registered shapes in the AISC Code (American
Institute of Steel Construction).

The analysis starts assigning a shape from the code taligerete members
defined in the interpretation of the results; this first assignment is done choosing

a category of shapes (f.e. W14 or W21) and selecting heavier sections for
element placed where the topology optimization returned higher density
concentations. The shape category is chosen in consideration of the more
severe requirement for the member: for compression/tension members strength

is leading the design and so square section are preferred, on the contrary for
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beams deflection are to be contrell and so deep section are preferred for the
higher moment of inertia. From this first attempt, a structural model is defined in
FE analysis software (f.e. ETABS, SAP2000): the structural behavior is investigated
applying all the load combinations as pe8@E -10 and not only those for which

the topology optimization was conducted.

Once the structural model setp is completed, an iterative process starts in
order to verify the structural efficiency of the model; at every step two kind of
checks are condted: every member needs to satisfy strength design criteria as
per chapter C and D of AISC3@related to compression and tension members;
on the other hand, serviceability constraints are to be satisfied such as maximum
tip deflection or mode shapes nescting comfort requirements. For the code
checks database software is used in order to automate the process.

The process is over once the difference in weight of the current scheme
compared to the previous is smaller than a fixed convergence tolerancaland

the serviceability requirements are satisfied.

")

[JHjpnorks 4 '&[

Figure2.4 Member Size Optimization Process
At this point the member size optimization can be refined using algorithms
implemented using suited such as géyworks, which is based on the Global
Response Surface Method. This step is useful when designing structures with
thousands of members to be changed at each iteration such as in a truss system.

The final scheme of the member size optimization is summeaiizEigure2.4.
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At this point the optimization process is concluded and the structural behavior is
defined; the next step would be going over constructions detailates with
joints and studying the interaction with other part of the structure.

In Figure2.5 a flow chart is reported representing the overview on the entire

optimization process:

GLOBAL TOPOLOGY OPTIMIZATION

BEFINED TOPOLOGY OPTIMIZATION

INTERPRETATION OF RESULTS

MEMBER SIZE OPTIMIZATION

OPTIMAL DESIGM

Figure2.5 Flow Chart of the Optimization Process
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CHAPTER 3

Topology Optimization

The present chapter is discussingthe theoretical hypothesis for structural
topology optimiation, in example the material redistribution on a design domain
in order to achieve predetermined structural goals with respect to posed

constraints.

3.1 Mathematical Background

The fundamental concept of optimization is to determine the best feasible
solution for a problem under given constraints. In this way the optimization
problem can be formulated in his general aspect and refers to a wide number of
problems. For example, theptimal solution for a factory manufacturing a
particular product is finding the process involving the shortest time and lowest
production time. In this sense the priority aspect for optimization is the
definition of the fundamental parameters describinfpe problem: in the
previous example, the parameters could be production time, cost or the number

of employee involved. These parameters should be enough to univoquely
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describe the problem but not too many to make the variation of the solution

uneasy to bainderstood among the parameters.

From a mathematical point of view, optimization consists on the research of

stationary point in the function describing the problem; to reach the maximal or

the minimal solution it is necessary to define a mathematicalcfiom. This

Fdzy QUA2y Aa ISTENDOGARY Y VPR BRORISVWRA 2y RSai
optimization problem could be a maximization, as in the case of structural

stiffness, or minimization, as in the case of production cost in the previous

example.

The general formulation for the optimization of the cesinction "Qsubject to

constraint functionsQand"Qis expressed as followir§]:

QOEQ 0 08 QATRE DI 0 |
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where w is the vector describing design variablé@w represents the cost
function, Q ® ®¢& W w are the functions imposing constraints tbe fields

where the variablevcan be searched.

In many cases the goal to be reached in the optimization process involves
multiple objectives. For example, the best car to be bought is the most powerful,
cheap and energy efficient; for sure there is rar which maximizes/minimizes

all these parameters at the same time.
In structural engineering, a typical optimization problem consists in the

redistribution of material in the design domain in order to achieve the most stiff

solution. Multiple objective ptimization is very important for this kind of
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problem; for instance, considering a building to be constructed in an highly
seismicity area, this will be subjected to two types of loads: gravity and lateral
seismic loads. Ideally the best solution is thme enaximizing stiffness both under
seismic and gravity loads. From a general point of view, the solution for the two
load cases is different.

An important concept for multiple objectives optimization is the Pareto
Optimality [7], [8]. A solution for the previous optimization problem is Pareto
Optimal if there is no other admissible solution which decreases one of its
parameters without increasing one of the other objective functions.

The Pareto Optimality leads to the definition of ector of solution
corresponding to the minimization of one single parameter; the set of solutions
is called Pareto Front and its dimension is equal to the number of objective
functions. The solution of a multiple objective optimization problem is more
difficult to be achieved because there is no unique solution, so the goal of the
process is to find the Pareto Front among which choosing the most suitable one.
The classical approaches for the solution consists on converting MO (multiple
objective) probleminto SO (Singt®bjective); this can be made using some

scalar techniques:

a) Weighted Aggregationthis method converts MO problems into SO
problems by applying a function vector to the objective vector, for
example a linear combination of the objective @lions. For this
purpose the functions should be homogeneous and a set of weights
need to be defineda priori. The problem can be formulated as

following:

d Q¢ QaSQa QL 0Q
0 T
0 D \
v P

Eqg3.1
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where the weighty represents the importance given to each of the
objective functions and should be known a priori. These values need to be

positive and the total weight is unitary.

b) Goal Programminghis method is a variation of the previoasd consists
on fixing specific goals for each cdéshction and minimizing the

deviation from that value. The problem formulation can be written as:

d Q¢ QUQa QL 2Q ®w Y

Eq3.2

where“Yis the target value for each objective function.

c) -constraints with this method the optimal solution is sought by
optimizing for one function and treating all the others as constraints

bound by some allowable range

These solutions techniques regeira priori knowledge (such as the relative
importance between objective functions or goal values) and lead to solution in

which tradeoff between objectives is not easily evaluated.

3.2 Structural Topology Optimization

Structural Optimization represent an apgtion of the mathematical theory
explained above; the purpose of structural optimization consists in the
redistribution of material over a design domain in order to achieve the highest
possible stiffness for the structure. The problem starts from a wmfaaterial
distribution and the process moves material to region with higher stresses

concentration[9], [10].
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The only known quantities are apgdi loads, boundary conditions and design
domain; the material layout is the variable for the problem represented by the
density in the volumgl1]. An explanation is described kigure3.1 for the case

of a simply supported beam:

€

Figure3.1 Structural Topology Optimization

3.2.1 Minimum compliance design

The structural optimization problem can be formulated as a compliance
minimization problem. Compliance is the inverse function of stiffness and for this

reason the formulation corresponds to the maximization of stiffness.

The formulation seup considers a domai in R or in R defined a priori
T2t 20Ay 3 02 dzpRIHNBI RO, AR SR cangtyaints
imposing fixed material region (sé&ure3.2).
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A design point

A point with fixed material

A point with no material

FHgure 3.2 Optimization design problem

Material is considered linear elastic with stiffness defined by the tengp(xE
variable in the domain with x. The variable x is the density over the domain and
so the structural stiffness is a function of the density distribution.

From the solid mechanics, it is possible to define the energy bilinear fagqn (

3.3):

+ ofp Fogd ® 0 o™

Eq3.3 Internal Work

where ¢ is the equilibrium and is the arbitrary virtual displacement and with
linearized straing 0 -0 — —.

Definng also the load linear form a&¢3.4):

ao "3 'Qm 0D'®

Eq3.4 Load Linear form

the minimum complianceblem has the hereafter formrEg3.5):
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Eq3.5 Structural optimization problem

The expression in the second lineExrf3.5 is the equilibrium equation written in
the energetic form known as the weak variational. Furthermore, ieis
expressing the domain of all kinematically admissible displacement fieldoand
the bilinear form depending on the design variable (the stiffness tensor
O  w); for this reason, the equilibrium is to be checked by the algorithm at
every iteration.O is the space containing all the admissible stiffness tensor

attaining the isotropic material properties.

The typical approach to the solution involves the discretization of the problem
using finite elements and the problem kEg3.5 is written in the discretized form.

The FE analysis creates an iterative proceggi(e3.3):

- define the initial design with the homogeneous distribution over the

domain, applying loads and boundary conditions;

- using the linear elastic FE analysis, compute displacements, strains and

stresses;
- compute the compliance of the design; if marginal imgments are
obtained over the previous design, and constraints functions are satisfied,

iterations can be stopped;

- otherwise, compute the update of the density variable and run iterations

until the solution converges.
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- finally, the results can be plotteish terms of material density and stress

values and interpreted in a discrete form with CAD drawings.

CIFT IMIZAT IOM
MEeT HOD
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Figure3.3 Computational process for topology optimizatiof®]
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3.2.2 Density method z SIMP

The structural optimization problem consists of the determination of the optimal
placement for material and, as a consequence, in modifying the material density
over the domain. Therefore, it is possible to think of thesign domain as a finite
amount of pixels which varies in density during the iterative process following

load patterns Figure3.4).

\/\ q /4
Initial Uniform Conduct Analysis Change Element Pattern
Material Thickness Stiffness Recognition

\ |terate /

Figure3.4 Density Modification over the Design Domain

The design variable is the density and it defines the existence oexigtence
of material in every domain point. The problem can be seen as seeking the
optimal material distribuk 2 yae v YR AY GKA&A gl & GKS

tensorsO consists of those for which :

(0] a
p Q@ miwo
T Q@ nx o
da Qn 61 oo

Eq3.6 Stiffness tensor definition

The last inequality expresses the limit on the volume V for the prob@m. is

the initial stiffness for the isotropic material distribution.
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The density method SIMP (Solid Isotropic Matemath Penalization) uses
previously described studies modifying the definition on the stiffness tensor
applying intermediate density values(as {6t, [12] and[13]). This modification
consists in transforming the problem variable from an integer to a continuous
and this solves many practical problems: in many cases, in fact, the material
distribution with the integer variable gives spread and undefined results.

With the continuous density definition, it is also possible to have a penalization
on elements with lower density in order to achieve a more feasible material
distribution. In the common ajmizations the material densitgtiffness relation

is linear but this can be modified introducing a penalization fagt¢seeFigure
3.5).

The stiffness definitioms to be changed as following:

0 "o 30

T "o pL Tm

Note that the assumptions of isotropic material is a simplification of the behavior
of the material as for the anisotropic materials the placement of @pal
directions of the material should be also considered a design variable. The
consideration can be a valid approximation for most construction material such

as concrete and steel.

50



Topology Optimization
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In the SIMP method choosing
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Figure3.5 Relation siffness - Density varying penalization factor

p intermediate densities are penalized

because the obtained stiffness is small compared to the cost (in terms of volume)

of the material and the variation is more than lineaFor common problems

where volumeconstraints are active, a penalization factor of 3 returns sufficient

clear results in terms of a feasible interpretation. A discussion on the physical

interpretation of ther factor; recent studies prove that the SIMP methcan

describe a material model if the powagrsatisfies the following constraints:
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In the 2D problem the penalization factor consists only geaalization in the

thickness of the shell elements; therefore, the problem variable can be

interpreted as thickness instead of density as in the 3D problem.
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3.3 Optimization Parameters

Performing a topology optimization there are several different parameters
affecting the final result. To get an increased understanding of the structural

behavior a parametric study is conducted as done in literafGje

3.3.1 Design Domain and Non Design Space

~

¢KS 2LIGAYAT I GAR2Y LINRofSY aidl NE\R;ttENRBY G(GKS R
design domain consists of all the material points where loads are applied,

boundary conditions are defined and the matéigmeant to be redistributed to

achieve the optimal structural stiffness. Therefore, it is necessary to assign
YFEGSNRALFE LINPLISNIASA & | 2dzy3Qa Y2RdzZ dzas t 2 A
GKNBS YFGSNRAFE LI NF YSHSNB wiangtheGrewslLt SGStf & R
strainrelation. In certain cases it is necessary to assign also the yield stress to fix

a constraint to optimization process. The variable describing the domain is the

material density meant to be a continuous variable.

In the Figure3.6 Poisson and Young modulus are shown for typical construction

material;

MATERIAL A E [MPa]
STEEL 0.3 206,000-210,000

CONCRETE 0.2 25,000-42,000
WOOD 0,29 6,000- 16,000

Figure3.6 Poisson and Young Modulus

The design domain definition is assigned from the architectural building shape; it
is important to define the space dimension?(fR®) which better describes the

optimization problem. For instance, the building facade is better described by a
2D design domain, as opposite to the volume in which a truss scheme is to be

designed, which can be typically defined as a 3D volume.
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Opening

t

m
Non-Design Space

Figure3.7 Design Domain and NeBesign Space

From the architectural shape, Nddesign Spaces are defined to describe areas
where the redistribution is not to be applied. This spaces are openings (no
material is defined, density is null) or fockelomain (the material is to be applied

to model the structure stiffness, density is unitary); to NDesign Spaces all
properties can be applied as load combinations and boundary conditions.

Both Design Domain and Nd@esign Spaces are to be model withFaite

Element mesh to discretize the problem.

3.3.2 Loads and Boundary Condition s

Other parameters to be defined are loads and boundary conditions. Loads can be
determined in two ways: using an arbitrary load combination reflecting only the
magnitude of reavalues or applying load combinations from the ASCE (lefjie

For the optimization problem, in most cases, the dominant load is to be applied
and the results represent the optimal load path for that single load case; since all
the other load cases have lower influence on the structural behavior the solution
can be t&en as a significant study to understand the general load path. In some

case, it is necessary to take into account multiple load cases: this is the situation
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for the study of the general behavior of a tall building in an high seismicity zone.

Both verticalgravity and lateral seismic loads are to be studied.

Boundary conditions are the second design parameters to be defined. The
definition of boundary conditions has great influence when considering a portion
of the structure; they should represent the $tieéss of the rest of the structure in
order to capture the correct load path. It is possible to define both linear or point
support and there is the possibility of fixing both translations and rotations.

For example, considering the optimization problem &otruss system, boundary
conditions should represent the rotational interaction between steel volume and
columns and shear walls. An incorrect definition can move the load path because
an increased stiffness can capture higher amount of load.

A parametr¢ study can be conducted on the boundary condition, for example,
investigating the influence on the overall load pattern comparing determined
and undetermined structures. For instance, the optimal solution for structures
subject to thermal loads can be shed comparing the modification in the results

increasing the number of undetermined reactions.

3.3.3 Optimization Co nstraints: Fraction Volume

and Maximum Admissible S tress

There are several type of constraints which can be applied to the optimization
processmaximum deflection in fixed point, fraction of volume left in the domain

or maximum stress.

In the present case the fraction of volume was used as a constraint; this
parameter controls volume fraction of the initial design domain shall be used in
the find optimized structure. This threshold of fraction volume can be found
from literature in comparison with previous data or from an agreement with the
contractor on the total amount of material to be used. The volume of material, in

fact, is strictly relatedo the cost of the structure specially for steel construction.
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The volume fraction left can be chosen from previous data available as per the
volume of the gravity frame in tall buildings. For some case studies, it is
interesting to conduct a muhkobjedive optimization studying volume fraction

and stiffness understanding if an increase in stiffness is worthy in terms of

increase of material usedrigure 3.8)
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Figure 3.8 Relation Volume FractionCompliance

Stress constraint is an extremely important topic concerning topology
optimization. The goal of reducing the mass in the structure has to deal with the
mechanicé constraints of not exceeding the design stress limit for the material.
For the O1 formulation of the design problem a stress constraint is always well
defined, but changing to intermediate density (continuous variable) it is
necessary to introduce a €grent definition.

For the physical relevance, it is reasonable that the criterion should mimic
microstructural considerations. The stress constraint can be defined for the SIMP
method model (with p exponent) as a constraint on the Von Mises equivalent

stresg[9]:
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EQq3.7 Stress Constraints

This constraint describes the strength attenuation of a porous material that

arises when an average strength is distributed in a local space. We can see the

factor” as a stress reduction factor.
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Analytical Interpretations

P ~
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The problem of minimizing the weight of a structure has always been a key point

in the design phas A number of researchers have approached this theme
throughout the years[15] [16]

Recent studies in the field of structural analysis have redms@d the
importance of a theorem developed by Maxwélly] [1§].

LYy KA& LILISNI dhy wSOALNEROI CA3IdzNBa |
investigated the importance of considering the length of the load path when

thinking of the layout of a structure.

al EgSttQa GKS2NBY adldSa (K Gthdinkirlis adzy 27
the sum of the compression load path is equal to a value related to the applied
SEGSNY Lt F2NOS&as AyOfdzRAy3I (KS NBI OlAazya
the sum of the axial force acting in a member times its length. Expressed as an

equaton, it can be written as
00 " (POip

eq4.1
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On the lefthand side of the equation there is tls&im of load paths, on the right

hand side there is the dot product of all the external forceghwiosition vectors

from an arbitrary origin. This term represents the work done by the external

forces, it can therefore be assumed as a constant value once the position of all

the loads and reactions is stated.

Taken that the external work isaconsta@ (G KS L2 gSNJ 27F

al EgStf Qa

be better appreciated if expressed as done by BdHié&k: the longer the total

tension path, the longer compression load path must be for a set of external

loads ofgiven magnitude, direction and position. Stated in another way, if the

tension (or compression) load path is longer than the necessary, the inefficiency

of the solution will be paid double, once in compression and once in tension. On

the other hand, if waninimize the load path either in tension or compression, it

will automatically be minimized also for the counterpart.

It comes as an immediate consequence that, if the truss only has tension

elements (or compression), it is a structure of minimal loatth pa

CdZNI KSNXY2NB> GKS GSNXY& dzaSR T2NJ OFf OdzZ I GAY

related to the deflection of the truss and to its volume.

Taking an external load P, using the principle of Virtual Works, it can be stated

that:

2 KSNBE n Aa GKS RST¥ESOGAz2y 2F (KS

the axial force when a unitary load is applied to the structure.
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Therefore

If it is assumed that the stress F/A in each element is kept constant, it results

00O
eq4.5

C
o

At the same time, since

"00 joy; , 00

"00 W, W

eq4.8

BO0O B"Q)

eq4.9
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If comparingeq 4.9 with eq 4.5, it can be observed that the volume and the
deflection are directly related to each other, because both depend on the sum of

the tension and compression load paths.

InBaker[19= 'y SEFYLX S 2F (GKS | LIWIX AOFGA2Y 2F al

related properties has been developed. It is briefly summarized hereinafter.

The starting truss space is a 3:1 cantilever. The applied load is P, which generates

a the reaction at tk supports shown ifigure4.1

3p TP
B
[ S—— T
3P . Jp
3B v

Figure4.1 3:1 Cantilever Space

Five different trusses have been developed in ortteisolve this problem, for

each one of those it has been calculated the Tensile Load Path, the Compressive

[2I R tFT0KX GKS S5AFFSNBYOS Ay [2FR tFGKa gKJ
theorem, the Sum of Load Paths which is used to calculate the tgec

deflection of the truss.

From Figure 4.2 to Figure 4.6 are shown the different truss solutions. The

solution ofFigure4.6 has been chosen in order to accphsh the goal of having

only a compression chord.
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3B

Figure4.3 Geometry of a Pratt truss

3P TP +2P

A

B 2P 2P /2P

3P -3Pp -P P
3B

Figure4.4 Geometry of a Warren truss
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3P P
B

= = —

3P J p

3B
Figure4.5 Bounded optimal truss with 12 members
3P
B
3P P

3B

Figure4.6 Cantilever with only compression chord

Table4.1 shows the summary of the calculated values:
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Tensile Load Compressive Difference in Sum of Load
Path, Load Path, Load Paths, Paths, Deflection, A
EFrlr EFclc EFrLy — ¥FcLe | EFrLy + EFcLc
Moment 10PB 9PB PB 19PB 198
Diagram Truss E
Pratt Truss 9PB 8PB PB 17PB 17 :,—B
oB
‘Warren Truss 8PB 7PB PB 15PB 15 T
Bounded oB
7.7PB 6.7PB PB 14.47PB —
Optimal Truss 1447 E
. B
Comp.  Chord 8.52PB 7.52PB PB 16.04PB 16,0422
Cantilever E
Table4.1 Load Path and Deflection Comparison for 3:1 cantilever
¢CKS UKANR O2ftdzvyy 2F¥ U0UKS ulotS Of SI NI

fifth columns highlight the efficiency of the different structures in terms of

volume (calmn four) and deflection. As previously stated, volume and

deflection are strictly related.

Furthermore, it appears that the lighter structure is also the stiffer, and is not the

one with the shortest path in terms of length.

It must be observed thoughat the minimum load path is not the only factor to
take into account when selecting a final solution. The designer needs to consider

more factors such as the complexity of the structure, the cost, usability,

aesthetics and more.

A final consideratongd 60 S R2Yy S
is uniformly stressed, the relative volume of steel needed by alternate truss

geometries to achieve a target deflection can fo®vedequal to the square of

the ratio of the load paths.

If the volume of any two structures in

Table4.1 are compared one another, we have:
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Therefore,load path is very important also in the consideration of deflection

controlled design.

4.2 Michell Truss

In the design of a structure, the objective is usually minimizing the weight while
YFEAYATAYy3 GGKS &aGAFTFySaaod [22(gheftBn | G GKS
arises: how low can we go? If the goal is to meet a certain deflection target, what
is the lightest structure that can be built? How far is the chosen configuration

from the optimum?

As stated by Mazurek et 4R0] and Bakef19], the starting point for answering
all those questions can be found in a paper published by Michell in [Z)4in
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which he explores the problem of achieving an optimal configuration, given a set

of loads.

alOKStftQa GUNBIFGAaS Aa o0FaSR 2y GKS | aadzy

does not consider the effect of member weighpan the design. Furthermore,
Michell analysis is carried out in a continuum, whereas a real structure is clearly
discrete. The importance of this study lies in it being a benchmark for

understanding the level optimality of the configuration that will besén.

aAOKStt adlraSaz aF FTNXYS FGdFrAya GKS fAY

frame-structure under the same applied forces, if the space occupied by it can be
subjected to an appropriate small deformation, such that the strains in all the
bars of the frame are increased by equal fractions of their lengths, not less than
GKS FTNIOUA2Yylf OKFy3aS 2F fSy3adkK 2F lye
This condition can be satisfied if all the members have the same stress.

A general class of frames that satisfithis condition consists of those whose

bars, both before and after the appropriate deformation, form curves of

orthogonal systems.

The main two cases studied by Michell, have been reported in this chapter in
order to show the benchmarks that will be used in this work. Following the
complex calculation carried out by Michell, the shape of the optimum solution is
shown in the followindigures, where the thick line represents the compression

bars, the tension bars are indicated by fine lines and the portions of principal

strain on which material bars are not required are shown by dotted lines.

The first case is the one of a single oFeapplied at a point A, and acting at right

angles to the line AB. The constrainBns the one of a fix point.
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Figure4.7 Michell optimal solution, example 1

The minimum frame is formed of two simuil equiangular logarithmic spirals
having their origin at B and intersecting orthogonally at A, together with all the
other spirals orthogonal to these and enclosed between them. Considering that
in B the reactions are distributed over a circle of radyistihe necessary volume

is

R o
W o Ii—E;—

eq4.14
Where a = AB.

The second case is the one of a single force F applied at the center of a line AB of

length 2a. In this case the minimum volume is:
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Figure4.8 Michell optimal solution, example 2

The shape is the one of a semicircle on AB and all its radii. All the radii are

compressed whereas the semicircle is a tension member as showigume4.8.

Further studies have been developed after Michell truss in order to turn the ideal
andcontinuous solution into a discrete and designable dag] [23] [24]

Albeit this procedure bringt a less optimal solution, it allows a step towards
the real problem. Linear programming has been used in the search of this
solution, mainly using p#oint approximations in order to be as close as possible
to the ideal one. Phjoint truss are indeedletermined structures subjected only

to axial force.
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CHAPTER 5

Discrete Optimization

In the structural optimization field one of the hardest problem to face after the
definition of the configuration, is the section choice. This step requires the
discrete approach. A variety of methods and algorithms have been developed in
the last decadewith the aim of finding a way of exploring as best as possible all
the field of possibility. This problem is often significantly big and its cost can turn

out to be prohibitive.

On one side, Anderse@ook et al[25], Joned26], Roux et al[27] and Carley et
al. [28] and others have used ResmmSurface Approximation to develop their
search.

On the other hand, Kripakaran et f29], Camp et al[30], Liu et al[31], Pezeshk
et al. [32], Murren et al.[33] and others have approached this problem basing

their studies on Genetic Algorithms.

In this chapter, a brief introduction to Genetic Algorithms and Response Surface
Methods will introduce the explanation of the Global Response Surface Method

(GRSM).
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GR# is a method developed by Altair, which tries to explain the benefits of the
two different approaches in order to find a more complete, consistent and less
time-expensive method, which can face problems with a huge number of

variables.

5.1 Response Surface Methods

Response surface methods (RSM) are a collection of statistical and mathematical
techniques useful for developing, improving, and optimizing processes. RSM are
particularly used when several input variables influence the performance of the

process ofect of the study.

The idea that underlies these methods is to find the surfbt®at describes all
the possible solutions of the problem. Because the form of the true response is
unknown, it must be approximated. The efficiency of this method is tloeeef

strictly related to the quality of the approximation of the response is done.

Usually, low order polynomial is a good approximation in a small region of the
independent variable space. For this reason it is often found that either a first
order or asecondorder polynomial are accurate enough.

The firstorder polynomial is accurate if the correct response surface is searched
in a small region, wherehas a small curvature. For a two independent variable

space, the firsbrder approximate surface id the from:

Where the second order term is to take into account the possible interaction
between the two variables.

The general firsbrder polynomial model is desbed by the following equation:
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eq5.2

The seconérder surface in used when the field of interest is a larger space,
because it turns to be really flexible, taking a wideiety of functional forms.

In the two dimensional space the surface can be described bgdlae3.

eq5.4

An interesting development of the RSM is the Adaptive Responsec8urf
Method (ARSM). In addition to the normal RSM, this method internally builds a
response surface and adaptively updates this response with new points. ARSM
uses a very efficient algorithm to estimate a response surface to be closer to a
certain design ofnterest. It also uses moving limits to make the optimization
algorithm robust.

In Figure5.1 there is the representation of RSM in a 1D problem. RSM finds the
exact value of the surface in two points; it then approximates the surface
according to those points and then maximizes the approximate surface.

In Figure5.2 ARSM methodlogy can be seen. It finds the exact value of two
points, and then finds the approximate surface with them. It thereafter adapts
itself by adding a third point starting from thecoordinate of the maximum

point of the approximate surface. From that itndis the exact value
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correspondent to this x coordinate, and generates a new interpolating surface.
This procedure is repeated iteratively until the error between the value found on

the approximate surface and the real one is less than the accepted error

f ) Error

1 2 3 X

Figure5.1 RSM approximation. Findinthe maximum point of the solutions surface

RS1

12 4 MAX 3

Figure5.2 ARSM approximation. Finding the maximum point of the solutions surface
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The most important advantage in this approach is that the dimension of the
error changes accordingly to the level of precision that is required by the user,
i.e. the number of iteratins needed to achieve the desired approximation of the

real solution.
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EXPERIMEMNTS

AMALYSIS WITH FEM
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SURFACE
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NO

YES

CONVERGEANCE?

Figure5.3 RSM Workflow
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5.2 Genetic Algorithms

Another approach to structural optimization is the one followed by the -non
deterministicmethods, in particular the Genetic Algorithms (GA).

This approach overcomes some of the critics moved to the RSM, such as the time
expense needed to calculate the gradient of the surface and the incapability of
calculating a surface if the variables afeadarge number or of different nature

(discrete and continuous).

A Genetic Algorithm is a machine learning technique modeled after the
SP2tdziA2y I NB LINPOS&da UGUKS2NRO® LG F22tf2p0a !
where designs with higher fites values have a higher probability of being
selected for mating purposes to produce the next generation of candidate

solutions.

The process starts with a randomly generated population of design solutions.

The fittest members of this population are evatad through a fitness function,

which estimates those elements that are closer to the constraints of the
2LIAYATIFGA2Yyd ¢K2aS FNBE OK2aSy Fa GKS WL
OKNRdzZAK Ydzil GA2y 2NJ ONR&aaz2g@dSN) 2The GKS LI
fitness of this new generation is calculated. The number of member needed to
generate a new population is chosen by the user, and stored in the algorithm.

[ SGQa O tt kiTke fitestkI®eidDeBsyaike [th@rSchosen and, if the

termination criteria are not met (i.e. maximum number of iteration reached or
optimization criteria met), the process is repeated. In order to better generate,

every time a new population is created, not only the best members of the last
ASYSNI GA2Y | NB utdldSik two destWiltlie Nifeyiieratiorrare6

kept as part of thek used for the mutation/crossover. By doing so, performing

designs are never lost and the evolution is quicker and more accurate.

Furthermore, in order to guarantee the exploration of teatire search field, a
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number of randomly generated solutions are always included into each new
population.

The process previously described can be seénguare5.4.

A problem with Genetic Algorithms is that they do not show the typical
convergence of the other optimization algorithms. Users typically select a
maximum number of iterations (generations) to be evaluated. A number of
solver runs is executed in each geation, with each run representing a member
of the population.

Another issue with this method is that the starting generation is chosen
randomly; therefore the velocity of convergence is highly dependent on the
fitness of the first random population. Fdris reason, in order to make sure that

the optimum solution is a real absolute optimum; at least two runs are required.

Sophisticated GA have been developed, such as desigen harmony search
algorithm[33], in order to intelligently move towards the optimum, gaining a lot
in terms of time consumption. Albeit this developments, Genetic Algorithms are

still not considered reliable or consistent by a number of experts.
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GEMERATE
POPULATION

|

l SELECT PARENTS

CALCULATE
FrrNESS

NO

YES

LAST ITERATION T
FITHESS = 1

Figure5.4 Genetic Algorithm Workflow
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5.3 Global Response Surface Method

Global ResponseuB8ace Method (GRSM) is an algorithm developed by Altair
Engineering, which tries to synthetize the benefit of the RSM and GA and at the

same time @ercome the limits of both.

At the beginning of the optimization process there is a phase of calibration of the
algorithm, i.e. one variable at the time is changed and the weight of that change
on the solution is evaluated. In this way the algorithm asd¢he variable
accordingly to their importance in meeting the goal that the user states. By doing
so, when the permutation is done, the values of the variables are changed
accordingly to their importance.

Once the calibration phase is ended, the realimization process starts.

A first generation of randomly generated solutions is created. After the analysis,
the fittest members of this population are selected and used as known points in

order to create the response surface. As for RSM, the responscsus created

as a polynomial of second order in order to be as flexible as possible. The
minimum/maximum of the surface is found and is stored as best solution.

The idea that underlies the way this first set of solutions is generated comes
from the sudies done with the Genetic Algorithms, whereas the creation of the

surface is the step with which the two methods are integrated.

The fittest members and the optimum of the surface are used as parents of the
new generation, mixed with the fittest membecs a randomly generated new
generation in order to always guarantee the complete exploration of the space.
If the minimum of the new surface is better than the minimum previously stored,
the optimum is substituted; otherwise, the best solution remains shene of the

older generation.
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By doing so, the surface is always improved. Furthermore, once the members of
the last iteration meet the constraints, the convergence of the method is really

fast. The methodology is shownHingure5.5.

As for the GAs, theoretically also the GRSM never stops going and keeps
improving the solution. In fact, even though the curve of the iteration shows
overall the typical convergenceend, since every time the fittest members are
permutated, it is always possible to improve in the solution. On the other hand
though this trend is characterized by a stemction because it is never
guaranteed that the best solution could change. The cam be stopped if a
maximum number of runs without finding a new best solution is reached, or if a

number of iterations considered significant is completed.
The GRSM has proved to be useful in problems with a big number of variables,

thanks to its calikation phase that guarantees an intelligent permutation of the

parents.
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Figure5.5 GRSM methodology
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Case Study: United StatesCourthouse

6.1 Overview of the building

The object of this study is a United Statésurthouse in a high seismicity zone.

This is a LEEQLeadership in Energy and Environmental Design) platinum
building, which means thataccordingly to the U.S Green Building Council, it
succeeded in meeting the strictest requirements. Among those, there is water

and energy efficiency, reduction of matenaaste, and other criteria.
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Figure6.1 Courthouse OverviewSOM, 2013)

The building consists of a cube, which represents a simple and elegant shape
with a strong civic presence rooted in classic pringiplde cube in fact offers

the most efficient floor plates for the courts and provides the best fimeskin

ratio. Furthermore, it allows the courts to be placed around a central light
atrium, which provides for a clear understanding of the building oizgtion

that greatly assists in way finding, and brings daylight deep into the center of the
building. Thanks toan innovative structural engineering concept that allows the
cubic courthouse volume to appear to float over its stone hake court isone

2F GKS blFidA2yQa &l FSad odzAif RAy3a NBfIl GAy3
This shape givo the building a unique lightness that can be better appreciated
thanks to the glass facade that covers all the eyexde levels but the first one.

As an overaljudgment, the cube is a compelling form that fits well on the site
and provides a strong presence and the desired gravitas in the Civic Center

without being overbearing.
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Looking deeper into the building architecturehet serrated glass facade is
designedto achieve north/south orientation, which will maximize views and

minimize the electricity waste thanks to the solar gain that can be obtained due

to the panel system.

[
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Figure6.3 Courthouse Overvievwg Detail (SOM,2013)
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Figure6.4 Courthouse Overvievg Atrium (SOM, 2013)

CKS (G201 f KSAIKUCc2FAVYKEKS dAYIRINKEI A adzyimidD oK
to 742 meters. The space is divided into ten stories and drasbelowgrade

level The center of the building presents a big opening that thnsugh all the

building heght. Thanks to a number of mirrerlocated onto the roof, the

sunlight is distributed to all the public spaces that face the big opening, reaching

the same goal met by the facade for the rooms on the perimeter of the building.

(Figure6.5)

84



Case Study: United Stat€surthouse
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Figure6.5 Light court solar diagrantSOM, 2013)

The nine levels of the court have been dimensioned in order to achieve specific

goals of space and accommodate at the same time courtroomsJ S a Q 2FFAOS
and public spacesach floor has a tol f K S A 3 6 inetds¥y. The fir, 61 ®
smalleZ Ff 22NJ KI & |97 K&eksy Kas a &nfalleroptaf) for dlmst d
protection, whereaghe last floor has a smaller height, omlyycQé 64 npetbrs),

and accommodates all the mechanical equipment.
In order to give to the building the cube shape previously described, the

RAYSyaAirzya 2F GKS ( &BxEI67tmetdrs)@h2rédls theNBE HHH Q

first smaller and does not have the exterior curtain wall.
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Figure6.6 Courthouse Overview, Axonometricview (SOM,2013)

6.2 Structural system

The structural system of this United Statesurthouses verypeculiar

The lateral system consists of foursicaped concrete core walls and four
concrete shear wall§in blue inFigure6.8). This system also acts #®e gravity
system, together with the columns placed along the perimeter. At the roof level
the columns and the cores are linked together with a steel roof truss, which acts
not only as a load transfer, but also contributes to the lateral system, adding
stiffness to the cores. The roof truss is initially designed as a typical Warren truss
in both directions.

In Figure6.7 and Figure6.9 the truss can be seen. In order to guarantee the
uniformity of the deflection alog the perimeter, a belt truss iprovided.
CdzNI KSNXY2NB>X (KS dzLI-0ENISImSEsS miter 2na@n thie K S { NHza &
lower level. This is due to the columns on the four corners, which lie on the very

corner of the building.
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Figure6.7 Structural System Overview

Figure6.8 shows the typical plan. The 28 columns (in red in the figpesuliar
feature of the structural system lies in their being suspendEudis is to facilitate
the protections towards terroristic or bomattacks. In fact a requirement for
hightlevel security buildings, such esurts, is the total security of the building in
case of ay kind of attack.This requirement is satisfied if the building is
completely safe even if anyone of the ground colunmtaken out. By taking out
from the beginning every one of the columns along the perimeter, the goal is

met.
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Figure6.8 Typical Plan View

This solution completely changes the usual way of thinking atcblemns.
Instead of being in compression, the columns are hanging from the rooftop,
turning into tension elements. This change does not influence the capacity of the
columns, for steel has the same behavior in tension and compression. The big
change is iterms of the load path. Instead of bringing the weight coming from
each floor to the ground, it is brought all the way up to the roof and down again
through the central cores. In order to solve this load path, the cores need to be

big structural elements.
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Figure6.9 Load Path SchemgOM, 2013)

If on one side taking awathe first floor columns is really smamn the other
hand this design choiceringsalongseveral structural challenges to be solved.
The bigger ones are the deflection of the perimeter points and the high stsess

on the foundation.

The deflection grows from floor to floor. This problem turned to be really hard to
solve, especially becauss the differential deflection between the columns,
which could give uneven flodevel This problem has been faced by introducing
a jacking system on the top of each column, with which the deflection due to
dead load and superimposed dead load can benedeout, reducing the final

deflection of each floor only to a small percentage of ithiéal one.
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In order to build such a structure, it is necessary to define a precise construction
sequence that guarantees the correcbnstruction of the building. Athe
beginning temporary columns are built in order to fill the gap between the
columns and the ground. In such a way during the construction sequence the
columns behave as normal compressed column. All the structure is built as a
steel only structure, andh place of the cores, only the embedded columns are
placed. Thixonfigurationis kept until the steel structure reaches the roof. At
this point the concrete is poured, always pouring the core wall in between the
floor and then the deck. Once the concretaches the roof, thgacking system

on the top of the columns is activated, the load is gradually taken off from the
temporary columns, the deflection is eweth out and, once the jacking is
completed, the columns turn into tension only members and thenperary
columns naturally fall from their position. From this time on the structural

system behaves in the watroduced in design

The foundation system consists of a concrete mat foundation with variable

thickness. Figure 6.10 shows the foundation, with different colors for the
RATFSNBYG (GKAOlYySaaSaod ! yRSNISAKeErs D2 NBaszx Ay
whereas on the other side it is smaller and of oy 36 pm OSY GAYSISNRO> a
yellow in the figure. This change in thickness is because under the coremthe |

intensity is really high, whereasrther from the cores the pressure diminishes

and therefore the thicknessf the matcan decrease as well.
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Figure6.10 Mat Foundation

It is important to notethat the optimization process has been carried out while
the project was being developed. When the approach presented hereafter
started, the project wasiia Schematic Design phase. This means that the overall
geometry of the building was defined, but the spaces, loads and structural
systems where still subject to changes. The optimization process followed
therefore the different phases in terms of geometay well.

The structure as previously presented represents the final configuration at the
end of the Detail Design phase, when the engineering was brought to detall
precision, the structural systems were defined and the architectural spaces

where mostly @fined.
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6.3 Optimization process

The object of tle optimization will be the roof truss. As previously explained, the
loads caoning from the floors are forcetb go through the columns, reach the
roof and be transferred to the cores.

Since it is a very criticakrt of the building in terms of security of the structure
and of weight of the roocfruss itself, the optimization process airasimproving

both those characteristics.

The stepsof the optimization procedure, recalled in the General Aspects, have

beenapplied and will be presented in the following.

6.3.1 Global Topology Optimization

Modeling the roof truss sets the first step of optimization. The aim of this phase

is to get a general idea of the preferred pdt transferingti KS 02 € dzYyaQ f 21 R
For this eason it has been chosen to model the roof truss as a cube of elastic

material (defined with the properties dftructural steel). None of the elements

has been modeled in order to be the least biased during this optimization.

¢ KS Odziszmn @#kme®a v 2y3 A0G0K R2méeSsh IKG 2F H[
This dimensions are bigger than the ones presented before, this is because the

AARSQa tSy3adK KIFIa 0SSy OKIyYy3aSR (KNPRdAzZAK2 dzi
atrium opening of the building has been modeéle Yy R A& &A1 SR MHANQEpPHQ
1585 meters).
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Figure6.11 Isometric view of the model

The software used for this step is really intuitive that allows the user to build a
3D model and optimize it in a quick way, given the constraints, the loads, the
amount of material required at the end of the process and the maximum

dimension of the meshlements. The mesh characteristics cannot be defined.

The supports to be modeled are the four centradhmped cores together with a
column in the middle of the core that acts as a support for the tasssvell, and

the four shear walls. In this phase #® have been modeled as 3D elements
defined as nordesign space. In such a way the software assigns infinite stiffness
to those elements and therefore the loads are attracted towards those
YSYOSNE® hy (GKS o020G2Y 2F UGKS1cOpMWSAE=Z
and z pin supports have been defined in order to prevent the cores and shear

walls from moving in any of the three directions.

The columns instead have been modeled as point loads, applied where the
columns meet the roof metal deck. For thiage of the optimization it has been
chosen not to apply the real loadcoming from the building, but to use a

reasonable approximation of thenthis has been done keepingrmnd that this
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step is only to give a general idea of the load path, it was floeeeuseless to
calculate the real loads. To strengthen this choice it has been considered also
that at this phase of the project, the loads distributed throughout the building
where still subject to a lot of changing due to architectural reasons.

The load applied to this model are all of the same intensity, which has been
chosen equal to @0 kip (44482 kN). It is important to notice that, since the
loads have been taken all of the same intensity, it is not important how big they

are.

Figure6.12 Loads and Supports

The residual amount of material imposed is equal to the 25% of the starting
volume. The maximum size for the mesh elements is 1 ft (30 cm). Given the
dimensions of this model, the parametelnsive been chosen in order to allow
the software to work flawless. Even if the 25% of material at the end of the
process is a really big amount, it was not possible to run the software with a
smaller percentage. This has not been considered a problemctndgeaen the

aim of this step, the final volume is not a big objection to the value of the study.
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The solution given by Inspire is showed hereaftErgre 6.13). It is really
important to have a close look to this figure, because the result underlines the
importance of this approach, especially in a schematic design phase in which

changes are still possible.

Figure6.13 Optimized shape

The solution represents a load path that is completely different from the roof
truss scheme of a series of Warren trusses. As can be seen there is a big amount
of material on the t@ of the structure, that creates a tension loop, lintogether

all the diagonals and at the same time spreads the larger stresses towards less

utilized material.

The way in which the loads are transfer to the cores is through tension diagonals
that take the point load, bring it to the top chord. The laadhen brought down
through compression diagonals, which create a triangle together with the
tension members on the front. Those triangles are not parallel though but are all
directed towards the corner of the cores. This is to satisfy the principle ef th
shortest load path. The solution therefore prefers the cores, while completely
avoids the shear walls. This solution is reasonable, in fact the shear walls have no
out of plane stiffness and therefore avoiding them allows saving a lot amount of

material.
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Finally, the most unpredictable result is that the top chord is not going across the
structure to connect with its equal and opposite. The four sides of the loop are
therefore not coupled. This solution could look awkward at first sight. If a deeper
reasonng is taken it is clear that the principle that brought to create a structure
that crosses the space from side to side is the one of coupling the opposite. This
same idea is kept in the optimized solution. This time though instead of crossing
the entire kength of the cube, which represent a long path, the opposites are
coupled on the corners, creating savings in terms of material because the length

of the members, and therefore of the load path, is shorter.

6.3.2 Refined Topology Optimization

Staring from the nteresting results of the global topology optimization, the
second step is taken. This time more sophisticated software is used for the
optimization, which takes the geometry from a finite element mesh generator.

The geometry is imported from the previoasalysis.

Figure6.14 Plan view
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At the beginning of this step, some architectural changes have been produced.
The model has been changed accordingly to those mutations in the geometry.
The new desigispace is a cube with the same dimensions of before, but with a
KS A 3K i-c £ B dampigys) Under the structural point of view, embedded
columns are inserted inside the core walls to help the stiffness and the
construction sequence. Consequently the doasits in the new model have

been changed.

{1 [ ) ) |

181 6"

Figure6.15 Elevation

AsFigure6.16 shows, the constraints are n@nymore 3D elements defined as
non-design space, but only pointyxz pin supports. Those pins are located in the
same position where the embedded columns will be. This change is the
consequence of a deeper thought regarding the constructability of thecgire.

In fact, once the final optimal geometry will be defined, the elements that will
create the truss will be steel elements. This means that a link will be created
between the cores and the truss, and that this link will most likely be between

the steel embedded columns and the truss in order to transfer the loads from
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the truss to the cores in the more secure way possible. For this reason, model
the supports in this new way appeared to be more realistic.
In Figure6.16 the pins are represented in red, whereas in black the shape of the

cores is underlined.

Figure6.16 Plan bottom view

Also the load intensity l®been changed in this step, becauke new software
allows a more customize optimization process. It is in fact possible to define
constraints that are related to the material while the structure is optimized. The
material has been defined as steel ahdhas been imposed yielding limit of 50

ksi (3447 MPa) for each element.
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In order to let this constraint be useful, the load intensity had to be increased in
order to be closer to the real load acting on the truss. The loads are increased

from 100 kp (444.82 kN) to 1000 kip (4448KkN).

The objective of the optimization is to minimize the compliance, which
corresponds to maximize the stiffness of the roof truss. In order to have, at the
end of the process, members that can be brought back to stemhenhts, a
maximum member size of 1 ft (30 cm) is imposed.

Furthermore, a maximum amount of material at the end of the process equal to
5% of the starting cube is imposed. This 5% is equal to 10000 tons of the imperial
unit (9000 tons in the internationaystem) that is a lot higher than the aimed
weight. Also during this step, the percentage has been chosen because of the
limits of the software.

Since the software used for this phase carries out the optimization through the
SIMP methodology, a penalizatidactor of 3 has been used. In literatuig [6],

it has been proved that for steel 3D problems, the factor of 3 is the one that

penalizes the densities without problems of checkerboard.

Results Figure6.17) confrm key load patterns observed in the global topology
optimization step are viable. The loads are carried to the supports through
material configures in equilateral triangles, with two members in compression
and one in tension. A large tension member oe tbp chord is kept in order to
keep the equilibrium of the structure and prevent the triangle to overturn. Again,
the top chord is not going across the opening but is diagonally reaching across

the cores, in order to take the shortest path possible fanong the loads.
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Figure6.17 Refined optimization results

6.3.1 Interpretation of the optimization

A crucial step of the optimization is the one that brings from a continuum
structure as the one seen befor a discrete one.

Looking atFigure6.17 it can be clearly seen the load path and, thanks to the
maximum dimension of 1 ft imposed during the optimization, the members are
not difficult to be discretized.

A first step for discreting the optimized shape is to identify and underline,

through lines, the load pathrigure6.18 shows this process.
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LEGEND:
-—== Supports
Loads

Tension

e COMpression

Figure6.18 Topology optimization results and truss interpretation

In this figure is clearer what stated in the previous paragraph. Looking only at
half of the structure, 14 equilateral triangles can be recognized. All of those
triangles are made of oneehsion and two compression membeEdure6.19).

The triangles are linked together with a top chord of tension members. It is
interesting to notice that the top chori$ not a typical belt truss running through
the entire perimeter. Members that diagonally link the two center triangles, the
ones at the shear walls location, instead make it. In the corners, a higher
concentration of triangles is due to the attempt ofethiruss to solve the load
path directly on the cores. Furthermore, the top chord is not continuous along
the perimeter. In fact the optimized shape attempts to divide into two
symmetrical halves the space. The reason for this is that the big atrium develop
itself mostly along one direction, leaving a limited design space for evolving the

diagonals on the other dimension.
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Figure6.19 Detail of the tension and compression members

The interpretation of the eésults has the aim of creating a discrete truss that can
be actually built. After this first step of tracing the path with lines, it is important
to take a further step and try to look at those lines under this new point of view.
For this reason, a mod& built in software specifically used for the analysis of
structures.

This move brings the study into a specific structural engineering field.

Starting fromFigure6.18, four different possible interpretations of the results
are developed and designed into the structural analysis software. As shown in
Figure 6.21, the different options are the attempt to replicate, as close as
possible, the scheme coming from the discretization previously done. Additional

members were added to the initial truss to ensure stability of the structure.
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Loads

== Corewalls
Figure6.20 Four options, 3D view
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Figure6.21 Four options, plan views
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Figure6.22 Typical load path scheme

Since the analysis has woturned into a structural engineering one, the
members are not anymore undefined amount of steel, but need to have a
specific shape. For now, all the members have been assigned the same shape
properties, equivalent to a W14x342 of the AISC manigd] for steel
constructions.

A finite element analysis is run with a load applied at the columns equal to 1000
kip, in order to choose the configuration that better performs among the four
identified.

Once themost reasonable layout has been chosen, a model has been built.
(Figure6.24)
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Figure6.23 Chosen set up, 3D view

Plan bottom view Plan top view

Figure6.24 Chosen set up, plan views
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Figure6.25 Typical load path scheme

6.3.2  AISC specifications for structural steel

The design of steel members is conducted as Ppecifications for Structural
Steel Buildingsh AISC that apply for the erection of steel systems with elements
defined in theAISC Code of Standard Practice for Steel Buildings and Bridges.
General design requirements for structural design are defined in Chapter B of
Specifications for Structurale®! Buildingsin particular, strength design for steel
elements can be determined according with two different methoddsad and

Resistance Factor Design (LRéAllowable Strength Design (ASD).

The first difference between ASD and LRFD, historidadly been that the first
method compares actual and allowable stresses while LRFD required strength
with actual. The difference is not significant since it can be covered multiplying or

dividing both sides of the limit states inequalities by section proes.
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The second major difference is the manner in which the relationship between
applied loads and member capacities are handled. The LRFD specification
accounts separately for the predictability of applied loas&l for material and
construction variabities. The first is introducethrough load factorsapplied to

the required strength, the seconthrough resistance facts on the nominal
strength. The ASD specification combines the two factors into a siogéeof
safety. By breaking the factor dfafety apart into independent load and
resistance factors (as done in the LRFD approach) a more consistent effective
factor of safety is obtained and can result in safer or lighter structures,
depending on the predictability of the load types being usdgkréfore, different

modifications factor are applied in the two methods.

In the design of tension and compression memb#hrs,current work referenced
to the Load and Resistance Factor Design (LR#@Ere design shall be

performed in accordance with equan B31 of AISC:

Y %0 Y
eg6.1

where

As far as the design is concerned, the references drap@r D andE of
Specifications for Structural Steel Builditgasion and compressiomembers

respectively.
For members subject to axial tension caused by static fpthe design follows

the same equation, independently from the shape of the member itsEtfe

dedgn tensile strength%.0 , of tension members shall be the lower value obtain
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according to the limit state of tensile yielding in the gross section and tensile

rupture in the net section.

a. For tensile yielding in the gross section:

0 "O00
eq6.2

%0 T 0 Y '0O0
eq6.3

b. For tensile rupture in the net section:

0 "0 00
eg6.4

% T LD 'Y OO
eg6.5

where

! A A££ATRA HERIA
! COTAOR AT AAO
& OPAAEEE E NE ROOOAGERU b O ARIED GCCA A
& ODPAAEKEEEIIORAT OBOA@EAU b &O ARIED GCA A

Net area of a member is the sum of the products of thickvegls the net width
of each element computed taking into account bolt holes and connections as
reported in section D3. The effective net area is afsodified with the

parameter U, calleghear lg factor.

The desigrfor compressive strengtbhol , is determined as explain hereafter
The nominal compressive strengtl,, shall be the lowest value obtained
according to the limit states of flexural buckling, torsional buckling fedirat

torsional buckling.
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a. For doubly symmetrical and singly symmetrical members the limit state
of flexural buckling is applicable;
b. For singly symmetrical and unsymmetrical members the limit states of

torsional and flexuratorsional buckling are alsgalicable.

%0 T IO 'Y "'0O0
eq6.6

The effective length factor, K, for calculation of column slenderness, KL/r,

shall be determined in accordance with Chapter C,

where

, 1 ACAO®AAOARAKLEOD
O Ci OACOAAEEBOAOQEIT I
+ OERAVEAARDEGRIOA @A OAMIABDA A Gl 1

The compressive strength for flexural buckling mémbers without slender
elementdepends on section properties. For compact and-compact sections,
as defined inSection B4, the nominal compressive strengihishall be

determined based on the limit state of flexural buckling.

0 '0b

eq6.7

The flexural buckling stressy,Hs determined as follows:

"O v P D0 when — T1& pO —

O ™X R0 when — T& pO —

eq6.8
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where Kis the elastic buckling stress determined according to:

eq6.9

As mentioned before, sections are defined in t&SC Code of Standard Practice
for Steel Buildings and Bridges.

In particular, for the studies Wshapes are applied; these sections are
characterized byparallel inner and outer flange surfaces. All these shapes are
designated by the mark W, the nominal depth (in.) and nominal weight (Ib/ft).
For example, W24x55 is a-8flape that is nominally 24 inches deep and weight
55 Ib/ft.

6.3.3 Load combinations

In order © design safe and secure structures, it is responsibility of the structural
engineer to predict the magnitude of the various loads that are likely to be
applied to the structure over its lifetime. It must be also taken into account for

the probability of he simultaneous application of the various load types.

In order to give consistency to this prediction has been adopted standards for
the loads and their probable combination that must be used in the design. The
standard are stated in the ASCHE®, Minmum Design Loads for Building and
Other Structure$14].

The principle load types are six and will briefly explained hereatfter:

1 Dead Load, Dit includes the weight of all items that are attached to the

structure and are likely to remain in the dsiilt location throughout the
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life of the structure. Beams, columns, floor slabs, exterior walls, roofs,
mechanical equipment, and the like are all considered being dead load on
a structure.

Live Load, :Lincluces anything that can possibly be moved in or out the
structure over the course of its life. This includes people, furniture,
SdZALIYSY (i yR 20KSNJ aAYAfIFIN AdGSyaod t
RSLISYRSY(G 2y GKS & NHzOG dzNB $récturd O O dzLI y C
may vary over its lifetime; therefore reasonable assumptions about its
future must be made. Also, different part of a structure may have
different occupancy. For this reason, different live load is assigned to
each part of the structure and is opected with the usage that is
architecturally predicted for each space. The code requires that live load
Is to be placed for maximum effect, generally this means that multiple
load cases need to be solved in order to find the envelope of required
strengthvalues needed in order to design a safe structure.

Roof Live Load;:lit is generally associated with the loads that the roof
structure will see during construction and later during maintenance.
These loads are of short duration and generally much smalkian
normal live loads.

Snow Loads,: 8 is considered to be everywhere present at a given time.
It is highly depended on the location of the structure.

Wind Load, Wthis type of load is a very dynamic event for which static
approximations can be maddhe approximate methods for determining
wind load are generally considered to be conservative for a given
predicted wind speed.

Earthquake Load (or Seismic Load)this is a very dynamic event. For
certain types of structures a static equivalent methmay be usé to
estimate the forces applied to the struatt For moe complex structures

numerical methods that solve the dynamic problem must be used.
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Specific prescriptions for the seismic determination of loads are explained

in chapters 11 and 12 ohé code.

The way in which the loads are combined depends on the approach to follow.
The two contemplated approaches are strength design and allowable stress

design.

Combinations for Strength Design:

¢tKS O2RS adrdSa GKFGY & andMNbz® $ddNBea = 02 YLy
designed so that their design strength equals or exceeds the effects of the
FIOG2NBR f2FRa Ay (KS F2ft26Ay3a O2YO0AYIl A2y

1.4D

1.4D + 1.6L + 0.5@r S or R)

1.2D + 1.6(lor S or R) + (L or 0,5W)
1.2D + 1.0W + L + 0.5¢c S or R)
1.2D+10E+L+0.2S

0.9D + 1.0W

0.9D + 1.0E

N o o bk~ 0w DdPRE

Combinations for Allowable Stress Design

The code introducing this type of combinations with the following sentences:

G 2FRa tAa0SR KSNBAY akKlrff o06S O2yaAiARSNBR
whichever poduces the most unfavorable effect in the building, foundation, or

structural member being considered. Effects of one or more loads not acting

aKFftf 0S O2Y&aARSNBR®E
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D

D+L

D+ (Lor SorR)

D +0.75L + 0.75(r S or R)

D + (0.6W or 0.7E)

D + 0.75L 8.75(0.6W) + 0.75(br S or R) / D + 0.75L + 0.75(0.7E) + 0.75S
0.6D + 0.6W

0.6D + 0.7E

© N o 00 bk w0 DN PRF

More comprehensive combinations can be used, if specific proofs of their

reliability are provide.

6.3.4 Member size optimization

Once the configuration is chosen, a specsize is assigned to each element. For
this study the choice of the sections was limited between elements from W14x90
till W14x665. Table6.1)

The limitation was ch&en looking at the member sizes of the steel elements
throughout the entire project. Limiting the sections in such a way helped also in
the optimization process, giving a smaller space where to search for the optimal

solution.

SectionName Material Area | Weight

Text Text i i i i i i in2 Ib/ft2

W14X90 A992Fy5( 14 145 0.71 0.44 145 0.71 265 90
W14X99 A992Fy5C 142 146 0.78 0.485 14.6 0.78 291 99
W14X109 |A992Fy5C 143 14.6 0.86 0.525 14.6 0.86 32 109
W14X120 |A992Fy5C 145 14.7 0.94 0.59 14.7 0.94 353 120
W14X132 | A992Fy5C 147 14.7 1.03 0.645 14.7 1.03 388 132
W14X145 | A992Fy5C 14.8 155 1.09 0.68 155 1.09 42.7 145
W14X159 | A992Fy5(C 15 156 119 0.745 156 119 46.7 159
W14X176 |A992Fy5(C 152 157 131 0.83 15.7 131 518 176
W14X193 | A992Fy5C 155 15.7 144 0.89 15.7 144 56.8 193
W14X211 | A992Fy5C 157 158 1.56 0.98 158 1.56 62 211
W14X233 | A992Fy5(C 16 159 172 1.07 159 172 68.5 233
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SectionName Material t3 t2 tf tw t2b tfb Area | Weight

W14X257 | A992Fy5C 164 16 1.89 1.18 16 1.89 75.6 257

W14X283 | A992Fy5C  16.7 161 2.07 1.29 161 2.07 833 283

W14X311 |A992Fy5C 171 16.2 2.26 141 16.2 2.26 914 311

W14X342 | A992Fy5C 175 164 247 1.54 164 247 101 342

W14X370 |A992Fy5C 17.9 165 2.66 1.66 165 2.66 109 370

W14X398 | A992Fy5C 183 16.6 2.85 177 16.6 2.85 117 398

W14X426 | A992Fy5C 187 16.7 3.04 1.88 16.7 3.04 125 426

W14X455 | A992Fy5( 19 16.8 321 2.02 16.8 3.21 134 455

W14X500 |A992Fy5C 19.6 17 3.5 2.19 17 35 147 500

W14X550 |A992Fy5C  20.2 17.2 3.82 2.38 17.2 3.82 162 550

W14X605 | A992Fy5C  20.9 174 4.16 2.6 174 4.16 178 605

W14X665 |A992Fy5C 216 177 452 2.83 177 4.52 196 665

W14X730 |A992Fy5C 224 17.9 491 3.07 17.9 491 215 730

Table6.1 Steel sections

The first part of this process was developed manually. This phase is important in
order to understand the relation between the members, the different influence
of the elements on the load path, on the stiffness and on the strength of the
truss.

Having a dep understanding of the behavior of the structure is key before

getting into the automatic process.
Starting from the density of material saw fiigure6.17, a different member size

for each element ofFigure6.23 was chosen. The structure obtained can bersee

in Figure6.26.
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Estimated
member sizes

— W14X90
W14X145
W14X257
W14X342
W14X455
W14X500

— W14X550

3D view

Figure6.26 Estimated member sizes, 3D view

In order to correctly choose the sections of thedra Q YSYoSNAX GKS
need to be applied.
The AISC manu#B4] requires two different requirements to be satisfied for

steel members: one is for strength and one for stiffness.

The intensity of the loads was taken from a different structural software where
the entire building was modeled and the load combinations where added

accordingly with the ASCE cdd«] chapter 2 (see6.3.3)

For the strength check, the load combination taken into account was:

PpHPO p&O THO'Y
eq6.10

Where D islte dead load, L the live load and LR is the roof live load.
As Figure6.27 shows, since the building is not completely symmetrical in the
distribution of the spacedwtoughout the floors, the loads are not all of the same

intensity.
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Under this load combination, the code requires the ratio between capacity and
required strength to be less than one for each member. The capacity has to be
determined correspondingly withhapter D ofpart 16 inthe AISC codg34] for
members subject to a tension force and chapter Bpait 16 inthe AISC code

[34] for the ones subject to compression for¢eee6.3.2)

Load Intensity for Strenght combination

1040 1000
1 2300 7300 2 1300

2000 4oo
1&6p0 1600
2400 gqoo
24p0 2000
1600 1600
Zpog 2000

1000 1900 1900 2300 2300 2000 1800 1000

Figure6.27 Load intensity for strenght combination (kip)

A different load combination was used for the stiffness check:

O 0
eq6.11
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it can be immediately noticed that the intensity of the load for this combination

is much smaller than the one before.

Load Intensity for Stiffness

<] 0
a S00 10400 1000 apo. /800
S00 200
700 00
1 ]
1000 200
700 00
0 9
300 800
600 800 1000 1000 900 600

Figure6.28 Load intensity for stiffness control (kip)

The code requires, under this combination, the deflection criteria to be satisfied.
In this study, theconstraint on the deflection were more strict than the ones
coming from the code in order to control the slope of each floor hanging from
the roof. The goal deflection was opl¢ 8 énm) dniform along the perimeter.

The criteria for changing the sizeem not only the satisfaction of the code
requirements. In addition to the deflection, the weight was aimed not to exceed
the 650 tons (589x1kg) limit.
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This process was an iterative one. In fact every time the size of an element is
modified, the relatvely stiffness of adjacent element changed, bringing to a
different distribution of forces between the elements.

This process brought to further alteration to the structure, and a definitive
geometry is stated, together with element size for each membiethe truss.

Figure6.29 shows the final geometry.

Figure6.29 Final geometry, 3D view
The checks done during thihase are shown iAppendix A
At the end of this process the total weight of the truss is of 600 tons (544x10

kg), with a typical deflection of §.¢ ¢  Pand &Ovaximum deflection of \i.£

(2.7 cm) in the corners. The element size varies from a maxirof W14x664 to
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a minimum of W14x90. The diagram of the deflections for the stiffness check is

shown inFigure6.30.

Uz [inch]
-1,10 -1,10
0,72 0,50 -1,15 -1,15 -0,91 0,72
-0,69 1 E-G,GS
| -0.78 -0,77

&)

@ o1

’ @ -0,74

-0,78 -0,78
--068 ] ] ! r-G,EE
071 -0,50 -1,15 -1,15 -0,90 0,71
-1,10 -1,10

Figure6.30 Deflection diagram

With this understanding of the behavior of the new configuration, a further step
has been taken. The member size optimization process has been automatized.
The algorithm chosen for this phase is the GRSM mettsa® ¢hapter &
Discrete Optimizatiof) due to the huge dimensions of this problem. The truss is
in fact made of 300 members, each of which can vary between 28 different
shgpes (W14x60 till W14x730). As it can be seen, the difference between the

bigger and the smaller section used is larger than before, this is in order to
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accommodate all the constraints in a quicker way. The dimension of this problem
is 30%.

The optimizaibn objective was set as minimizing the weight of the truss. Three
constraints were given to the optimization field: a maximum deflection less than
¢ € 1.9a&cm), a difrential deflection less than ©.405 cm) and the forces in
each elements must submibtthe limits of the AISC explained in the previous

paragraph.

In order to cut down the dimensions of the problem and speed up the
optimization process, some symmetry constraints have been imposed. Firstly,
even though the problem is not completely symmeal, has been chosen to
divide the structure into four quarters, each of them containing one corner.
Furthermore, inside each quarter the elements have been divided into groups,
using the engineering judgment and the knowledge acquired during the manual
process.

This simplification of the problem, even if bias the problem toward symmetrical
solutions, has been considered a judicious compromise taking into account not
only the dimensions of the problem, but also the detail design cost of each
member and ke constructability of the structure on the site. In terms of
dimension of the problem, by taking two axes of symmetry, the dimension of the
problem is not only four times smaller, it is indeed’3@hich is much smaller
than 30,

Once the problem wasompletely set, the process was started. Even though the
constraints are really strict, the algorithm proved to be consistent and a solution
was found. The convergence curves are showRigure6.31. In particular, it is
interesting to notice that the mass takes some iteration to start dropping. Once
started to drop, it decreases in a really fast way, until it stabilizes itself in a

plateau area going towards the end the process. This curve is similar to the

120



Case Study: United Stat€surthouse

convergence curves found in literature. The maximum displacement curve and
the differential deflection (DeltaDeflection) one present the same trend of the
mass, whereas the minimum deflection increases in orderntinimize the

differential and meet the constraints.

The final configuration had a total weight of 580 tons (526X, with a typical
RSTft SO0 A 28/cm)2ad améamum @éif@ MBSy G A f RSF48SOGA2Y

cm).

Considering then that this optimization process was successful and no substantial
improvement could be made with process, the stture was imported into the
complete model of the building. This showed some changes into the responses
of the structure to the loads. Those changes are to be imputed to the general
behavior of the entire structure, which takes into account rotation andeiion

of the walls due to concrete creep, other than additional loads and elements

added to the truss configuration due to the metal deck at the top of the roof.
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Figure6.31 GRSM convergence curse
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6.3.5 Consolidating the methodology

While this study was carried on, the project moved into the detail design phase.
Meanwhile, some architectural modifications happened to the building, among
those the more significant were a dea®e in the plan dimension and a switch in
the occupancy of the roof floor. This was firstly though as a space not accessible
to the people unless for structural checks on the truss itself. Due to the smaller
space throughout the building, it has been ches® use the roof floor for
arrange the mechanical equipment and therefore benefit of more space for the

court on the ¢ floor.

The alteration influenced the truss not only in the design space, but also adding
some architectural constraints to the spaoecupied by the members of the
truss.

If the decrease of the space did not really influence the configuration of the
truss, the occupancy of the space brought to the requirement of guarantee a
corridor along the perimeter in order to access the equipmé&gure6.32 shows

the elevation of the roof truss. The triangle typical of the optimized configuration
can be seen in the cantilever part. The violation of the c@mst is identified by

the black rectangle, which represent the corridor space that need to be kept

free.

This situation gave the possibility of consolidating the procedure previously

shown, by applying it to the new configuration.
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Vs

Figure6.32 Constraint violation, elevation detail

For this second part of the optimization, it has been chosen to develop a 2D
study, focusing only on the cantilever part of the truss. It has been observed that
the most intgesting part of the optimized solution is in fact the cantilever part
with the triangular solution of the load path. As far as the rest of the truss is
concerned, it has been decided to keep it faithful to the initial configuration,
consisting in a typicaleries of parallel modula crossing orthogonally and creating
a grid along the spacéigure6.33 and Figure6.35 show top and bottom chord,

in blue the grid lines of the modulus can be sgei topand a bottom chord
define the modula linking the opposite sides of the cube, the diagonals between
the chords have been defined following the scheme of a typical Warren truss.
(Figure6.35)
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Figure6.33 Top chord- plan view
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Figure6.34 Bottom chord- plan view
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Figure6.35 Typical modulus of the truss

Since the problem was turned into a 2D problem, it has been chosen to analyze a
space that can be defined as typical. For this reason, the corridordasign
space has been introduced both in the cantilever part and in the inside, because
its position mayary accordingly to the necessity. It can be sedrigure6.32.

This typical space does not represent the situation of the corners. It has been
decided though tdake out the corner column, giving a bigger architectural space
on each floor and simplifying the load path on the roof truss. The corner in fact
were the most problematic part in terms of deflection, dimension of members

and connection between them.

In Figure6.36 the 2D model is shown. In particular it is important to point out a
substantial difference between the previous optimizations and this model: the
column lad, brought back to 1000 kip, coherently with the generalization of the
typical cantilever, has been applied to the top of the design space and not to the

bottom.
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Figure6.36 2D model

This comes from atwdy of the load path. In fact the triangular shape is the
O2yasSljdSy0S 2F alEgStfQa GKGaMBE 2F YA
Analytical Interpretations.0lf the opening is introduced, the triangle is not
Ll2&a&aAo0fS yeaY2NBod alEgStftQa GKS2NBY dzyRS
length in compression and tension in order to optimize the load path. For doing

that, if the load is kept on the bottom, theigger amount of force passes through

tension members that need therefore to be shorter for stability problems.
Furthermore, it is difficult to solve the compression member without interfering

with the opening. Whereas, if the load is brought to the tdghe design space,

by only extending the columnldhe way up to the top, the higher force is solved

in compression, through members that can be longer and decreasing the number

of members in tension.

Furthermore, the design spachas been increased &f ft (0.76 cm) under the

floor level. This is in order to solve the loads and at the same time avoid the

opening.
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The design space is the entire cantilever, but the opening that has been defined
as nondesign space. The objective of the process has bephtke same of the

previous step: minimizing the compliance while the constraints are 5% of
material left and yielding limit of steel. The penalization factor for the SIMP has

been assigned equal to 2, since the problem is dimensional this time.

Figure6.37 2D optimization result

A A

Figure6.38 Interpretation of the optimization result

The interpretation of the results shows a shape that recalls what shown by

Michell[21]. ¢ shows this parallelism.
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Figure6.39 Optimized shape and Michell solution

¢CKS FT2NOSa LRAYIGSR 2dzi A ye sahknkroBdctioR d { NHza
study, in fact if the reactions at the supports on the top of the design space are
aK2gy UGUKS O0SKI@A2NI A4 (GKS alyYyS 2F aAOKSft
Figure 6.39 is sigificant because gives a theoretical background to the
2LIGAYATILGARZ2Y &a2tdziazy O2YAy3 FTNRY G(KS | d:
IS a continuum solution, it is different from the optimized solution, but gives an

important benchmark in order to undehd the optimality of the truss

configuration chosen.

Having understood the optimal shape, the problem moved to finding the optimal
position of points A and B ¢figure6.40. Despite point B can be taken as fixed,
due to the geometrical constraints of floor level and position of the embedded
column inside the wall, point A still has two degrees of freedom (x and
RANBOGA2YQa RA&ALI I OSYSyidou o
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A

Figure6.40 2D optimized shape points A and B

In order to solve this new problem, it has been implemented a function. The

objective has been kept the same, minimizing the weight of the configuration.

Since this time no software has been used for the optimization of the position of

the point, a quick \ay of calculating the weight of the structure had to be found.

C2N) a42f@dAy3 GKAA A&aadsSz al(dee SHapteRa ( KS2NB
Analytical Interpretations The formula for this calculation is recalled @0

hereafter.

B'O0O B"Q)

eq6.12

The optimized shape has been modeled as an isostatic frame constrained with a
a hinge in point D and HEye frame is composed by seven elements connected
each other through rotational hinges.

The load F, equal to 1000 kip, is applied in point B.
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7 B

Figure6.411dealized problem: isostatic frame

POINT X COORDINE [ft-in] Z COORDINATEin]

A X V4

B npMe H [ A€
C My RE H i A€
D n ¢ c-mné
E M Yy Q€ n- ¢

Table6.2 Point coordinates

The analysis of the structure has been manually dé&eeping the coordinates of
point A in the literal form. Once the force in each element and the length of
them wascalculated, a functionvas used for calculating the optimum position.
CKAA FdzyOGA2Y 61 & AYLI SYSYGSR Ayof 2 NRSNJ |
each possible position and return the minimum volume of the configuration.

For having a benchmark, the theoretical minimum volume possible was

S@I tdzZ G§SR 0 KNE dz3a K a A OK S(€hapea S

Analytical Interpretations
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c4o©
cqo

eq6.13

WhereFis the forceais the distancdBC Pis the greater tensile stress allowable
and Qis the greater compressive stress allowable. For this anaBaisd Q have
been taken equal even though this assumption is not true due to stability

problems for compression members.

A first search of the optimum position has been run with no constranthe
position of the point AThis is actually the dpnal position and it is only 8%

f Saa STFAOASYU (KIy aAOKStfQao

This solution does not meet the constructability constraints. In fact, since the
design space has been increased, point E lies uth@efloor level. If point A lies
where this optimization suggested, element AE needs to pass through the floor
deck, increasing the difficulty of production. Furthermore, having A in not on the
floor level, creates problem of owudf-plane stability, intralucing the need of an

additional belt truss at the level of A.

For this reason, a second optimization has been run, this time optimizing only the
x coordinate of point A, while constraining the z coordinate to the same height of
the floor level. This sation is a little more further from the benchmark. The

benefits in terms of constructability are such that the decrease of efficiency does

not represent an issue.

Finally, a third optimization was run. This time the z coordinate has been kept at
the floor level, but a different stress capacity for tension and compression has
0SSY NHzyd® ¢KS az2fdziazy Aa 17 2FF FNRY aAiOK
0K2dz3K 0SOl dzaS aAOKStftQa azfdziazy KIFLaA 0SSy

both in tension and compression.
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5ATFSNBYyOS

Volume
[%6]
Michell 23562
Unconstraint 23652 03
Floor level constraint 23978 2
Different capacities 25275 7

Table6.3 Difference in volume between optimal solutions

From the three solutions, it has been chosen the last configuration, which takes
into account a more realistic capacity of the membeérke position of point A

gl a UGKSNBT2NB (F1Sa d 0pPMyeET cdTpéod

Once the configuration was chosen, it has been modeled and imported into the

entire buildingmodel From the model the section of each member was defined.

It has been chosen not to run an optimimen but to assign the section to each
YSYOSN) YIydzZ ffted ¢KS ONRGSNRLF F2N) GKS a
the same criteria imposed by the AISC c¢84] that have been used in the

previous step.

Figure6.42 shows the optimized truss in the typical elevation of the buildig.

the end of the process the total weight of the truss is of 650 tons (58%g))

with a net saving of 10% of the total amount of steel compared with the initial
GNHzza® ¢KS F@SNI IS RSFESOGAZ2Y Aa 2F mMIoé
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Figure6.42 Typical elevationSOM,2013)

The following figures show the drawings of the 50% Detail DeBigure6.43
shows the entire building wheredagure6.44 shows the cantilever part of the

truss with the construction details.
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Figure6.43 Elevation(SOM, 2013)
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Figure6.44 Truss detail{SOM, 2013)
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CHAPTER 7

Case Study: 111 South Main

7.1 Project Overview

7.1.1  Architectural Description

Thelll SouthMainis the exclusive office building which is under construction in
Salt Lake City (Utahfrigure7.1). The tower is a 24tories building with a total
grossareaofi cHXopn 3JAaFT GKS GRBE NI BO { KA DSO MM

is a single basement level 5.5 m (18 ft) deep.

&

Figure7.1 Salt Lake City, Utah
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Figure7.2 111 South Main (SOM,20]3
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The design of the tower has to take into account the performance hall being

currently designed which extends into the footprint of tHd1 South Main

precisely in the Southern portion. Partneringith the Utah Performing Arts

Center, both projects complements each other and will serve as critical elements

Ay GKS

{FEd

[ 18

/I Ad&Qa

O2y Ay dzSR NBOAGEE AT

The architectural concept is creating a vibrant office and theatrical experience

both day and ight; the two projects will augment and draw on the resources

already in place in the City Creek Development immediately to the north as well

as the Gallivan projects to soutthll South Mairwill be a critical resource in
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addzLJLI2 NI 2 F  { I ftrdent[tolincréased Aribad deasity @ Yoleym
sustainability; the building is targeting, in fact, the Gold Level LEED designation,
as per United States Green Building Council specifications.

The performance hall is meant to be extended from ground lepetauthe 5"

floor of the111 South Mairand it creates a condition where the columns cannot
continue to the foundation system but are to be supported by another
mechanism. The interaction between the two building is describefignre7.3

andFigure7.4.

39.6 m ,
<— <€ — —>
i | ‘ l | =
. 'l_-l ; iy i -

Figure7.3 Typical Floor from Ground Level to L4 (left) and LevelR@Bapet (right)

In Figure7.3 it can be observed the typical floors; in thight picture it is shown
floors from ground level to Level 04 with tid1 South Mairarea highlighted in
blue. The reduced floor is 39,6m (130 ft) in the BAMISt direction and 15,2 m
(50 ft) in the other. Left figure represents the typical tower fl¢loom level 05 to
roof level) with same dimension of the previous in EW direction and 41,6 m (150

ft) in NS direction.

7.1.2 Structural Description

The development of the project is meeting the requirements of the 2012

International Building Code (IB35] and ASCE-X0 provisiong14].
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In the baseline structural scheme the lateral force resisting system consists of
ductile reinforced concrete core shealls extending from a pile and pile cap
supported foundation to below the penthouse level. RC shear walls and link
beams construction are expected to be 75 cm (30 inches) thick typically. The core
system consists of three shear walls in Ne®&buth Direabn and two elements

in EastWest; the shear walls create a closed space used for elevators and stairs.
The gravity system of the superstructure is using steel framing and composite
metal deck. The gravity system consists of perimeter girders that spavebat
W14 columns located every 9.15 m (30 ft) and W24 composite beams
spaced typically 3m (10 ft) spanning between the perimeter girders and the
central core. The gravity system is showirigure7.5.

The foundation system will consist of castplace reinforced concrete 25 cm (10
inches) slalbn-grade spanning to grade beams and pile caps. The building
foundation loads will be transferred to the subgrades betbe pile cap through

a deep foundation piling system.

m\
\ Y,

‘I\l“ sSess =

Figure7.4 Cantilever Floor and Conference Hall Det@IOM, 2013)
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Figure7.5 Structural DrawingsNorth-South Elevation (left) and South Fagade (righGOM, 2013)

In Figure7.5 it is shown the elevation of the East Fagade: steel columns and
beams are creating the gravity system; the steel framing is not moment resisting
and the connection are all considered with moment releases in the structural
analysis. Columns in the Soutlcéale are stopped at level 05 and are meant to
avoid interaction with the below building to be constructed. The key issue for the
problem is represented by the collection of gravity loads in the cantilever part of
the building. The baseline structural systas described irFigure7.6: gravity
loads in the cantilever part of typical tower floors are collected by steel columns

and carried vertically to the steel trusstime roof level. This element is in charge
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of transferring loads to the central core wall and to the columns at the opposite

side of the floor.
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Figure7.6 Baseline Structural Mechanism from ETABS

Therefoe, developing this solution other significant issues are to be solved: the
complexity of the truss system supporting gravity loads from the suspended
tributary area related to 21 stories; the high demand on the truss system
creating concerns about the cangctability of the system, specifically in the
connections design; significant overturning moment on the foundation system
because of the unbalanced support condition in the NesBthuth direction;
severe serviceability requirements related to the vertidsplacement control to

prevent any possible interaction between the tower and the below building.
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Finally, a design issue is represented by the inefficient mass distribution over the

building height with a meaningful jump at Level 05.

It is important tonote that the optimization study followed the evolution of the
project starting in the Concept Design and then proceeding in the Schematic
Design; during the process further discussions were developed about the general
mechanism of the building and diffemt solution were investigated: a balanced
structural scheme has been created with all perimeter columns stopped al Level
05 in order to create symmetrical load conditions on the core wall even though
stresses are increased. The two different models weoenmared; deeper

considerations are presented in the following paragraphs.

7.1.3 Project Site Conditions

The project location is significant for the development of the topology
optimization study; lateral forces, in fact, have high magnitudes because of both
seisnic and wind forces. This led to the consideration that the structural system
shall be optimized both for gravity loads and lateral forces.

The project area, in fact, is an high seismic hazard area and this consideration
had significant influence in thewsy as it will be explained further in the next
paragraphs.

The seismic hazard is taken into account using design values by the U.S.
Geological Survey (USGS) National Seismic Hazard NépsThe arcive
displays earthquake ground motions for various probability levels across the
United States and are applied in seismic provisions for building codes, insurance
assessments and other public policy. The resulting maps are derived from seismic
hazard curve calculated on a grid of sites that describes the frequency of
exceeding a set of ground motions. Figure7.7 it is shown the peak ground
acceleration with a 2% pbability of excess in 50 yeaisSigure7.8 is a detailed

map of Utah state wher&11 South Maimwill be located.
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Figure7.7 Peak Ground Acceleration with 2% in 50 years (USGS)
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Figure7.8 PGA with 2% in 50 years (US@3$)tah

In particular, seismic loads were defined as perA205 Chapter 11 & 1p14]
and following geotechnical report. ASCE design parameters based on USGS maps

are reported:
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a. Latitude 40.76°
Longitude 111.89°

b. Seismic Site Class D

c. MCE Ground Acceleration @i2s S=1.467¢g

d. MCE Ground Acceleration at 1s S=0.538g¢

e. Site Coefficient R=1

f. Site Coefficient R=15

g. Maximum Considered Spectral Response Sus= R1S=1.503¢g
S=R1$=0.8079

h. Design Spectral Acceleration Response $s=0.978 g
$1=0.538g

I. Occupancy Category I

j. Seismic Design Category D

k. Superstructure Response Modification Factor
Special Reinforced Concrete Shear Walls w T o925 @5

|.  Importance Factor =1
In Figure7.9 and Figure7.10 response spectra are represented; they are referred

to data previously exposed and are the responpectra implemented in the

finite element model to perform dynamic analysis.
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T<T,:S,=5,,(04+06T/T,)

Sps=0.978 - T,sT=sT,:§, =8,
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T>T,:8,=8,T /T

Sp=0.538H-—--------——- I ____%

Spectral Response Acceleration, Sa (g)

Ta=0.110 Ts=0.550 1.000
Period, T (sec)

Figure7.9 Design Response Spectrum (DE)

Sy =1.467
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Spectral Response Acceleration, Sa (g)

To=0.110 T;=0.551 1.000
Period, T {sec)

Figure7.10 Maximum Considered Earthgake Spectrum (MCE)

The site location is also a meditmgh wind speed area; in fact, in accordance

with ASCE-10 Chapter 26 the wind coefficients are:
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a. Basic Wind Speed (3 sec gust) 185 km/h (115 mph)
b. Exposure Category B
c. Surface Roughness B
d. ImportanceFactor =1
e. Topographical Factor k=1
S 4
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Figure7.11Basic Wind Speed for Occupancy Category Il [mph] as per ASOELZ]

The goal of topologyoptimization study is to define a possible alternative
structural scheme avoiding the use of a roof truss system in order to create a
shorter load path minimizing the use of material in the building. The new
structural system is developed following the litectural progress and facing

with its constraints.
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The starting concept for the system is to define a steel system using perimeter
axial only members directly exposed in the facade. This should create a system
resisting both lateral and gravity loads qmvating with the central core wall

system which will not be removed.

7.2 Refined Topology Optimization

Topology optimization study started with the Refined Topology Optimization;
this choice was taken considering two aspect of the project case: the great

dimension of the problem and the predominance of membrane elements.

Figure7.12 Optimization Model
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The dimensions of the model representing the problem are reporteigure
7.13: typical floor is 45.73x39.63m (150x130 ft), the cantilever portion of the
floor is spanning 15.24m (50 ft) out of the building footprint; the total height is
117m. The large scale of the probletdoes not permit the use of 3D mesh
elements which would requires too large mesh size compromising results
precision. Moreover, the global structural description is more efficient using shell
element because sheavall, floor and perimeter system are 2Deslents since

two dimensions are significantly greater than the elements thickness.

130 ft

387

150 ft

Plan section

Elevation section

Figure7.13 Problem Dimensions

The geometry of the building is taken from the structural baseline making
reference to the middle line of each element as reported in Eigure7.12 and
Figure7.13; the roof level is not modeled since the truss is meant to be removed

but loads are applied to the floor slab because the level is occupied by

mechanical system.
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Furthermore, it has been very important to have a correct description of the

stiffness of each member in order to capture the real interaction between each

structural element which influences the load path. The slab thickness is defined

from the value in the bseline scheme which was using steel metal deck filled

with concrete and steel beamg&igure7.14); in the model for the optimization

analysis it has been used a 15 (@rinches) slab.

/ cast-in-place concrete

< welded wire reinforcing mesh

steel profiled
sheeting

Parallel Deck:

Slabt | B ,. rib height

rib width
(average)

E—

Figure7.14 Composite Metal Deck and Steel Beams

The shear walls were modeled as shell elements with a 60 cm (24 inches)

thickness. Moreover, reinforced concrete properties wassigned both to shear

walls and floor slabs:
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REINFORCED CONCRETE

E | 25000 Mpa 3605000 psi
0.2

f'e 27.6 Mpa 4000 psi

Table7.1 Concrete properties
On the other hand, the facade enclosures, where the perimeter system is to be
defined, are modeled as 30 cm (12 inches) because the system is meant to use

W14 elements. Steel properties are showrmatble7.2

STEEL

E | 345 Mpa 29000000 psi
0.3

fy | 27.6 Mpa 50000 psi

Table7.2 Steel properties

7.2.1 Boundary Conditions

The next step for the topologyptimization requires the definition of the
boundary conditions for the design domain.

The supports are applied both to shear walls and perimeter shell elements as line
simple supports releasing bending moment and fixing displacements in all
directions. The supports are represented in the following figure with green

triangular shapes:
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Figure7.15 Finite Element Analysis Model for Topology Optimization

7.2.2 Static Load Cases

Two different load cases wermefined for the optimization, gravity and lateral
seismic loads.

First, the analysis is conducted assigning the minimum Live Loads and
Superimposed Dead Loads expected by the intended use or occupancy, in
accordance with IBC 20135] and ASCE-X0[14]. The Dead Load are estimated
with hand calculation in accordance with typical members and expected

concrete to be used.

Typical gravity loads applied are

- Dead Loads (DD) 2.11 kN/nf 44 psf
- Superimposed Dead Load (SDL) 1.91 kN/nf 40 psf
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- Live Load (LL) 3.83 kN/nf 80 psf
Total 7.85 kN/nf 164 psf

The above magnitude for gravity loads are calculated for the typical tower floor
and applied as a constant to @a floor not taking into account the possible
presence of reducible live loads in order to obtain a uniform force distribution
along the building height. This choice is taken considering that at this step of the
study the magnitude of loads is to be coresied not precise because no code
check are to be conducted. Moreover, gravity loads are applied as surface loads

in the negative direction to the shell elements modeling the tower floors.

Another important load case to be considered is the horizontatdo For this
reason, the second load case considered is the static equivalent seismic force;
the earthquake force is applied to the structure only in its horizontal contribution

in two perpendiculadirections instead the vertical acceleration is not &kinto
account. The contribution from wind forces was not considered for t@asons

it has a lower effect on the structure compared to the seismic forces and the
need not to complicate the model behavior under lateral loads.

The magnitude of the seismiorces is taken from the ETABS model of the

baseline structure and values are reported for each floorable7.3:

STATIC SEISMIC FORCE
‘ EW STORY FORC N-S STORY FOR(

‘ KN/m? psf KN/m? psf
PARAPE| 0.53 11.0 0.48 10.1

ROOF 1.49 31.1 1.36 28.4
L24 0.81 17.0 0.74 15.5
L23 0.75 15.7 0.69 14.4
L22 0.70 14.6 0.64 13.3

L21 0.64 13.4 0.58 12.2
L20 0.59 12.3 0.54 11.2
L19 0.54 11.2 0.49 10.2

L18 0.49 10.2 0.45 9.3
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STATIC SEISMIC FORCE

L17 0.44 9.2 0.40 8.4
L16 0.39 8.2 0.36 7.5
L15 0.35 7.4 0.33 6.8
L14 0.32 6.6 0.28 5.9
L13 0.28 5.8 0.25 5.3
L12 0.24 5.1 0.22 4.6
L11 0.21 4.4 0.19 4.0
L10 0.18 3.8 0.16 3.4
LO9 0.15 3.2 0.14 2.9
LO8 0.13 2.7 0.12 2.5
LO7 0.10 2.1 0.09 1.8
LO6 0.08 1.7 0.08 1.6
LO5 0.07 1.4 0.06 1.3
LO4 0.07 1.4 0.06 1.3
LO3 0.05 1.0 0.04 0.9
LO2 0.07 1.4 0.06 1.3
LO1 0.00 0.1 0.00 0.1

Table7.3 Seismic Static Force

Static seismic forces are applied in x andingction as uniform surface loads
because shell elements are rigid in the middle line so that it is possible to avoid
the determination of the center of mass to apply a concentrated load for each

floor.

7.2.3  Topology Optimization Parameters Set -Up

The optimizéion is conducted fixing parameters as explained in the previous

OK I LIdp8nAation Theors;

First, the facade enclosures are defined as Design Domain; on the contrary, floor
slab and core wall system is defined as NDmsign Space as it has been
explained in theOptimization Theorghapter. Therefore, floors and shear walls

will not be affected lg material redistribution.
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Figure7.16 Definition of Design Domain and Nebesign Space

The finite element mesh is defined as 2D quadrangular elements with 15 cm (0.5

ft) size.

Then, three constrainta/ere fixed for the analysis:

- Fraction of Volume Left: it has been defined the amount of material to be
left in the final layout of the process; this threshold is expressed as a
percentage of the initial design domain volume which is initially set at
30% @ the facade. This values was fixed from architectural constraints

with the use of literature resultgl];
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- Stress Constraint: the maximumlabable stress in the final layt is
fixed at {;

- Maximum Member Size: the maximum size of each continuous member is

set at 30 cm (1 ft);

The penalization method for the Solid Isotropic Method with Penalization (SIMP,

see Chapter Optimization Theory) is fixed at 3, as reported in liter§@lre

The convergence tolerance for the analysis is fixed t3: 1Be optimization
process stops when difference between results in two consecutive steps is
smaller than this threshold. This parameter is very importarttedixed because
the software has a maximum allowable number of step and so the results report
shows if convergence is reached or not. This parameter is important to describe

the accuracy and the reliability of the results.

Finally, the optimization objéiwe was defined: the analysis minimize the
weighted compliance. As it has been explained in the paragraph Mathematical
I O1 3 NR dzy R Optilizatidi Thedis; ShidJordblem has been converted
from a Multiple Objective Optimization to a Single Objecti@ptimization
implementing the method of the Weighted Aggregation. Therefore, the two load
cases previously defined were aggregated assigning a factor equal to 1 and
minimizing the structural compliance for the single load case. The value of the
two weights is equal after considering the relative importance of each single load

case.

7.2.4  Analysis Results

The analysis is initially conducted with a single Design Domain and results are

shown inFigure7.17 in terms of material density:
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Figure7.17 Single Domain Results

The results are displayed with a color scale where red represents the unitary
density (no material has beaemoved) and blue is the null (material completely
removed). All other colors are intermediate densities.

As a consequence of the high overturning moment in the structure it can be
observed that a significant material concentration occurs around the camer
the cantilever part and in the lower levels. This material has very high values of
stresses and as a consequence of density; the volume fraction fixed a priori is
concentrated in a single location instead of being more distributed over the
design domai. Moreover, the result is missing one constraint imposed which is

the one relate to the maximum size of a single continuous element.
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To encourage material distribution the design domain is divided in three parts to

constraint the volume in each domaintbie structure separatelyHigure7.18).

Figure7.18 Multiple Domain Model

This will ensure the material used regally and avoid the large concentration
observed inFigure7.17. The volume fraction is fixed as following:

- Domain 1: 30%

- Domain 2: 30%

- Domain 3: 25%
The quantity ofvolume is smaller in the higher domain in consideration of the
fact that the demand on structural elements decrease along the building height.

In Figure7.19results for the 3 Design Domain model are reported:
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Figure7.19 Optimization Results for 3 Design Domain Model

As observed irFigure 7.19, results show loads path making X braces in the
southern and northern facades of the building with two vertical elements; in the
lateral fagade one clear vertical elemt is recognizable and other inclined
braces are linking that member to front bracing system.

It is possible to observe that elements in the lower portion of the north fagade
are more vertical compared to the higher levels member; this distribution is
common in the design for lateral loads and underlines a shear behavior at the
top of the structure, whereas at the base both bending moment and shear forces

are present.
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It is possible to observe that results are not completely symmetric; this is due to
the unsymmetrical position of shear walls in the plan section: this is creating a

tolerable difference in the lateral fagcade results.

7.2.5 Results Interpretation

For a deeper understanding, it is possible to plot results in terms of stress
distribution; in Figure 7.20 the distribution of stresses is represented with
compression in blue and tension in red. Blue and red lines are representing areas
where optimization resu$ returned higher density which are representing

possible discrete members.

From stresses contour, it is recognizable a possible load path where load in the
cantilever part of the system is transferred from central region to lateral thanks
to steel bracs; these elements are carrying loads to the two main elements in
the lateral facade: floors interacting with braces in tension are hung from the
system in the lateral facade; on the contrary floors linked to members in

compression are leaning on this syste
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Figure7.20 Stresses Distribution ( Compression in blue color and Tension in red)

Finally, a focus is done on the East and West facades. Lateral fagade stresses plot
reveals that most concentrations of material are in compression; this results are

a consequence of the finite element analysis which is assuming a Linear Elastic
Material and no buckling effects are considered in the analysis. In this way the
shortest load path to bring loads to the supports is the one showkigare7.20.
Therefore, astructural considerations lead to the idea of changing members
inclinations by flipping them as reported figure7.21: since steel is meant to be

the construction material, elements to be used are going to have high

slenderness.
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Figure7.21 Structural Interpretation of Optimization Results

The mainconsideration shown by the results a regional collection of griy

loads which are led to the central compression column by steel inclined braces
hanging the floorsKigure7.22); the combination of the steel bras and floor
slabs are creating a strut and tie mechanigxa.a consequence, the load path for
gravity loads is significantly shorter because loads are not coming all the way up
to the steel truss, back to the shear wall and finally down to the foundation

system.
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Figure7.22 Load Path

Once a deep understanding of results is achieved, the next step requires the
definition of a discrete system in order to fix the geometry of a structural model
to develop theoptimization of the shape section of each member. Two different

discrete models are defined in order to capture the global behavior of each one:

1. The first alternative scheme developed is a perimeter steel system which
is defined as represented igure7.23 and Figure7.24: red dotted lines in the

typical floor represent trussines which are distributed only in the South and

lateral facade.

AS\deElauaﬂon

ASDUEH Elevation

Figure7.23 Option 1: Typical Floor
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Figure7.24 Option 1: East (left) and South (rightadades

2. The second option is focused on the strut and tie model using the
lay-out of the East and West facades; this system is repeated in order to define
five truss lines in NS direction corresponding to the perimeter columns. The
structural steel framing, in facis not moment resisting thus braces are required
to support each column. To meet architectural constraints, which requires great
space to develop office spaces, braces are staggered for each line in order to
achieve better space distributioThe analyis model is shown ifFigure 7.25

with the dotted lines representing the truss lines.
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Figure7.25Option 2: East Fagke (left) and Typical Floor (right)

The first initial study of the two systems is focused only on the understanding if
the structures are meeting general comfort requirements for structures. At this

level of study two parameters are investigated:

- Natural Building Mode Shapes: the first two primary modes should be
translational modes in x and y direction and primary rotational mode

should be third and faraway from other;
- Interstory Drift: this parameter is better explained in the serviceability

checks irthe following paragraphs but this is required to be lower than

2%;
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Figure7.26 Primary Mode Shapes: Baseline Scheme (left), Option 1 (Middle) and Option 2 (right)

For this analysis only serviceabilibgatl combination are applied to the model; in
this condition both of the model defined are meeting comfort requirements and

are presenting a global behavior similar to the baseline scheme.

7.2.6 Architectural and Structural Considerations

From results explainedoave, two considerations are developed:

- Balanced structure: from the analysis on the baseline structure it has
been discovered that the unsymmetrical condition on the shear wall
creates high stress concentration at lower levels in the southern portion
of the core system. Nevertheless, vertical displacements are not meeting
requirements imposed from the presence of the conference hall which
need to avoid every possible interaction. For this reasons a balanced
scheme is developed where all perimeter colunans stopped at level 05

in order to create a cantilever system all around core system.

- Facade architectural design: from development in the architectural
design of the building it has been discussed with the Salt Lake City
Municipality about the possibili of makeing use of structural member
directly exposed in the facade in one of the major city building; since Salt

Lake City is a very conservative city from an architectural viewpoint and
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many constraints should apply, the solution with internal brace is

preferred.

From this two considerations a final discrete model has been developed to
optimize the members size and to evaluate the variation in steel weight from the

baseline solution to the alternative scheme proposed.

7.3 Member Size Optimization

7.3.1 Geometry Description

The final step consists of optimizing the dimension of steel members in the
discrete model.

Therefore, the preliminary passage is to define the definitive geometry of the
structure and to create the Finite Element analysis model in ETAB3nddhes is
applying the two consideration explained in the final part of previous paragraph
so that a balanced scheme is implemented using only internal braces. Moreover,
the geometry adopts the strut and tie results observedrigure7.21 maintaining

the same inclination but with staggered position for elements along the three

North-South truss lines.

Now a deep description of the geometry is presentedrigure7.27 the first two

truss lines in SoutNorth Direction are represented with a side elevation along
A-A section. It is important to note that these two trussds are supporting the
greatest tributary areas in the typical floor.

Also, it can be observed the balanced scheme: columns are stopped at level 05

and first floors are behaving independently with respect to the tower floors.

167



Chapter 7

A
& N
o S
7 S
s Y
L.
A 1.

Figure7.27 Typical Plan (right) and-A Side Elevation

In Figure7.28 the side elevation 8 is shown: columns in East and West fagade
are to ke supported as well as others because of the balanced scheme used.
Moreover, steel members in NortBouth direction are staggered with respect to

the previous shown.
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Figure7.28 Typical Plan (right) ashB-B Side Elevation
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The last braces are shown Figure 7.29: these members support the two
corners columns. It has been chosen to place a single level of braces sinc

tributary areas are significantly smaller.

L.,

F - W o oy Y x

Figure7.29 Typical Plan (right) an@CSide Elevatior{left)

7.3.2 Iterative Process: Strength D esign

The Finite Element model is defined and an iterative prostmss to define the

optimized size for steel members.

The strength design is conducted using load combination as per Chapter 2.3 in
ASCE Codfl4] as explained in previous chapter. All load combinatians
considered: seismic analysis is conducted both with equivalent static forces and
with response spectrum described in the introduction of present chapter; wind

load are applied only as static forces.
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The ETABS model is built starting from the basedcteeme which is reflecting
scheme explained in the structural description; in the iterative process starting
member sizes are the same of baseline structural model. Connections between
beams and columns are not moment resisting; in addition, also diagonals
members have moment releases at both ends connecting with shear wall and
beam. Finally, interaction between inclined members and beams at intermediate
levels is not avoided so that axial compression in diagonals is not constant but

presents jumps correspwling with floors intersections.

All design checks are conducted as axial loaded only members: tension members
are checked as per Chapter D in Specification for Structural Steel Buildings,

instead tension as per Chapter E, as explained in the previoypserha

The design of members is conducted on the global system and not only on
diagonals members since the modification of the global load path is influencing
many different structural elements. First, all columns have been designed since
the load path is signdantly changed from the baseline scheme. Then, both
diagonals and beams interacting with them have been design as showigure

7.30. The design starts an iterativerocess continuously changing members
dimension to achieve a weight reduction; at each step the global weight is
evaluated and iteration stops when difference between current step and

previous is smaller than an assigned threshold.

Figure7.30 Interaction between diagonals and beams
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7.3.3 Diagonals Design

All diagonals are tension only members since diagonals and beams interact with
vertical and horizontal forces and moment distribution is null. For this reason
sections for this members are chosen from W14 shapes because they have the
most squared section which perform better for axial elements.

In particular, all shapes used are summarized in

Table7.4:

Section Depth  WidthTop ThickTop WebThick WidthBot ThickBot Area TotalWt

Name [in] [in] fin] [in] fin] [in] N3 [b/
W14X159 15 15.6 1.2 0.7 15.6 1.2 46.7 159.0
W14X193 15.5 15.7 1.4 0.9 15.7 14 56.8 193.0
W14X211) 15.7 15.8 1.6 1.0 15.8 1.6 62.0 211.0
W14X233] 16 15.9 1.7 1.1 15.9 1.7 68.5 233.0
W14X342, 17.5 16.4 2.5 15 16.4 2.5 101.0 342.0
W14X370, 17.9 16.5 2.7 1.7 16.5 2.7 109.0 370.0
W14X605 20.9 17.4 4.2 2.6 17.4 4.2 178.0 605.0

Table7.4 W14 Shapegroperties

In Appendix Bdesign is reported for each diagonal member, insteatliable7.5

design of the member with higlsé DC ratio and with the greatest dimensions is

reported.

DIAGONALS
TIC
Element ID| P,max | Pumn = Model Section Length . (Py » Pnc Governed DCR
LEVEL 22
D170 69429 | 737.8 W14X605 276 | 8010.0| 6121.3| Tension | 0.87
LEVEL 07
D221 2875.5| -491.9 W14X233 323 | 3082.5| 1954.2| Tension | 0.93

Table7.5 Detail of Diagonals design
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7.3.4 Beams Design

In addition, all steel beams interacting with diagonals members have been
designed; these elements have a behavior comparable to the bottom chords in a
truss system and are subject to great values of compression axial forces as shown
in Figure 7.30. For every diagonal member, three beams are designed since
interaction is complete at each floor.

At this point of development of the project the design of every single bisamot
complete yet but from early studies it has been observed that for these elements
axial forces are significantly greater than bending moment and is leading the
design. This result can be understood thinking that connections have moment
releases sohat bending moment are consequence of surface loads applied to
the single floor.

For this reason beams are designed as axial members only, keeping the Design
Criteria Ratio not greater than 0.7 in order to have a sufficient mark up to cover
bending additimal demand. Moreover, beams are designed not considering
buckling effects; lateral stability, in fact, is guaranteed in both directions: studs
for shear resistance in the composite metal deck prevents horizontal and vertical
displacements.

Moreover, sectio shapes for beam design are taken from W21 and W24 shapes
since the key issue for beam and floor design is vertical displacement and these
shapes have greater web and consequently moment of inertia.

In particular, shapes used are:

Section Depth WidthTop ThickTop WebThick WidthBot ThickBot Area TotalWt

Name fin] [in] [in] fin] fin] [in] N3  [Ib/

W21X44 | 20.7 6.5 0.45 0.35 6.5 0.45 13 44
W21X55 | 20.8  8.22 0.522 0.375 8.22 0.522 16.2 55
Ww21X68 | 21.1  8.27 0.685 0.43 8.27 0.685 20 68
W21X111 | 21.5 12.3 0.875 0.55 12.3 0875 327 111
W24X146 | 24.7 12.9 1.09 0.65 12.9 1.09 43 146

Table7.6 W21 and W24 Shapes Properties
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In Appendix Bdesign for each beam is reported while a detail of the beams with greatest section shape is
shown in

Table7.7.

BEAMS

Governed

ElementID Pynax | Pumn | Model Section | A; . Py P T/IC DCR

LO7

B112 -27.6 | -1301.1 W24X146 43.00| 1935.0| 302.9 | Compression 0.67

B124 -81.2 | -1198.3 W24X146 43.00| 1935.0| 302.9 | Compression 0.62

Table7.7 Detail of Beams design

7.3.5 Columns Design

Finally, columns are designed using W14 shapes as well as for diagonals; columns
are both tension and compression members, in fact, the modulus changes in

correspondence of the connection with diagonals as showkigare7.31.

= -
J.’-: L
COMPRESSION COMPRESSION
TENSION TENSION

Figure7.31 Columns load path

Members applied are reported imable7.8while detail of member with highest

DCR is reported irable7.9. Complete description of columns design is reported

in Appendix B
Section Depth Width Thick Web Width ThickBot Area TotalWt
Name [in] Top [in] Top [in]  Thick [in] Bot [in] [in] [in2] [Ib/ft]
W14X34 | 14.0 6.8 0.5 0.3 6.8 0.5 10.0 34.0
W14X38 | 14.1 6.8 0.5 0.3 6.8 0.5 11.2 38.0
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Section Depth Width Thick Web Width ThickBot Area Total Wt
Name [in] Top [in] Top [in]  Thick [in] Bot [in] [in] [inz] [Ib/ft]
W14X48 | 13.8 8.0 0.6 0.3 8.0 0.6 141 48.0
W14X61 | 13.9 10.0 0.6 0.4 10.0 0.6 179 61.0
W12X65 | 12.1 12.0 0.6 0.4 12.0 0.6 19.1 65.0
W14X68 | 14.0 10.0 0.7 0.4 10.0 0.7 20.0 68.0
W14X74 | 14.2 10.1 0.8 0.4 10.1 0.8 21.8 720
W14X82 | 14.3 10.1 0.9 0.5 10.1 0.9 240 820
W14X90 | 14.0 14.5 0.7 0.4 14.5 0.7 26.5 90.0
W14X99 | 14.2 14.6 0.8 0.5 14.6 0.8 29.1 99.0
W14X109 | 14.3 14.6 0.9 0.5 14.6 0.9 32.0 109.0
W14X120 | 14.5 14.7 0.9 0.6 14.7 0.9 35.3 120.0
W14X132 | 14.7 14.7 1.0 0.6 14.7 1.0 38.8 132.0
W14X145| 14.8 155 1.1 0.7 155 1.1 42.7 145.0
W14X159 | 15.0 15.6 1.2 0.7 15.6 1.2 46.7 159.0
W14X193 | 15.5 15.7 14 0.9 15.7 14 56.8 193.0
W14X257 | 16.4 16.0 19 1.2 16.0 19 75.6 257.0

Table7.8 Column shapes properties

COLUMNS

T/C
ElementID P,max  Pumin Model Section| A, » Pt s Pre Governed DCR

LEVEL 14| 300.9 | -1020.2 W14X90 26.50| 1192.5| 1030.8| Compression 0.99

Table7.9 Detail of Column design

7.3.6 Serviceability checks

Studies on global structural response are conducted at every iteration of the
process to investigate if the building meets serviceability requirements fixed
from code and from project architectural constraints.

Serviceability requirements are more strictinfluencing the project in relation
with two features: the project is adopting structural steel framing for gravity
system; second, the presence of Utah Performing Arts Center in the footprint of
111 South Mairrequires a severe control of vertical defteon at level 05 to

prevent any possible interaction between the two different structures.
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In this paragraph a deep description of the checks is presented and results are
related to the final structural layout once member size are fixed.

The first checksi related to the global building behavior; a dynamic analysis is
performed applying to the ETABS model response spectrum as per ABCE 7
and USGS maps.

In the dynamic analysis it can be observed that first three mode shapes are the
primary, involving morehan the 65% of the mass participating ratio; the first is

in y-direction which correspond to the NortBouth; the second is in Eastest

and the third is rotational mode around z axis.

Moreover, primary translational modes have a substantial separatiom fthe

primary translationamode, whichmeets comfort requirements for occupants:

Primary Torsional Mode/Primary NS Translational Mode2.132s/4.126s=0.52
Primary Torsional Mode/Primary EW Translational Mode2.132s/3.445s=0.62
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Modes

Period

©)

UX (%)

Participation Ratios
Uy (%) RZ (%)

Sum UX
(%)

Sum UY Sum RZ
C0) (%)

1 4126 ) [762.4291 || 0.2312 | 2.6171 [[62.4291] 0.2312
2 3.445 (163.0724 || 2.6301 | 0.0464 [§65.6895(865.0592| 0.2776
3 2132 || 0.0983 | 0.0623 ['80.8818 |165.7878|165.1215[81.1595
4 0.998 |[ 0.0011 || 0.0009 [ 0.0001 |#65.7888(l65.1224|181.1596
5 0.982 || 0.0023 | 0.0015 | 0.0000 [[65.7911[65.1239[/81.1596
6 0.979 || 0.1862 [ 0.0090 | 0.0031 [[65.9773(65.1329[081.1627
7 0.977 || 00259 [ 0.0668 | 0.0000 [[66.003265.1997(/81.1627
8 0.977 || 0.0015 [ 0.0020 | 0.0000 [[66.0046(165.2017|081.1627
9 0.950 || 0.0015 [ 0.0010 [ 0.0001 [F66.0061|65.2027

10 0.934 || 0.0000 |[ 0.0000 | 0.0000 [§66.0061(#65.2027(81.1629
11 0.932 || 0.0000 [ 0.0000 | 0.0000 [[66.0061[[65.2027]/81.1628
12 0.924 || 0.3201 [ 0.0239 || 0.0009 [[66.3262|065.2266

13 0.922 | 00329 || 0.1742 | 0.0018 [166.3591[[65.400881.1655
14 0.899 |I 0.0000 [ 0.0000 | 0.0000 [[66.3591(65.4008|081.1655
15 0.895 || 0.0000 [ 0.0000 | 0.0000 [[66.3591[65.4008|/81.1655
16 0.811 || 0.0001 |f 0.0000 | 0.0000 [§66.3592(§65.4008(081.1655
17 0.811 || 0.0000 [ 0.0000 [ 0.0000 [[66.3593|165.4008

18 0.793 |F15.2204 [[ 0.0796 [ 0.0170 65.4804

19 0.775 || 0.0139 [I 15.4195 | 0.0755

20 0.773 | 0.0000 | 0.0005 [ 0.0000

21 0.773 | 0.0000 || 0.0002 | 0.0000

22 0.720 | 0.0006 [ 0.0002 [ 0.0006

23 0.715 | 0.0002 || 0.0010 [ 0.0001

24 0.705 |I 0.0002 [[ 0.0008 [ 0.0001

25 0.702 || 0.0005 [ 0.0001 [ 0.0017

26 0.698 |I 0.0069 [[ 0.0045 [ 0.0199

27 0.695 | 0.0083 || 0.0139 [ 0.0032

28 0.692 | 0.0054 |[ 0.0126 [ 0.0058

29 0.689 | 0.0058 || 0.0000 [ 0.1343

30 0.675 || 0.1932 | 0.0812 [ 5.6491

31 0.666 || 0.0003 || 0.0600 [ 0.1179

32 0.648 || 0.0075 [[ 0.0076 [ 0.4995

33 0.648 || 0.0103 [ 0.0093 [ 0.5381

34 0.647 || 0.0024 [[ 0.0027 [ 0.0241

35 0.645 | 0.0028 || 0.0002 | 0.0101

36 0.642 |l 0.0001 [ 0.0000 [ 0.0010

37 0.640 | 0.0001 || 0.0006 [ 0.0014

38 0.638 || 0.0345 |[ 0.0717 [ 0.0031

39 0.637 | 0.0228 || 0.0136 [ 0.0569

40 0.636 |[ 0.0029 [[ 0.0020 [[ 0.0049

Finally, primary translational
participating ratio in the opposite direction is less than 3% for both the first two
modes.In Figure7.32 a comparison between primary mode shapes of baseline

structural system (adopting truss system at roof level) and alternative sclieme
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shown. Global bleavior is similar for both structural systems with difference in

natural period lower than 0.01 s.

Figure7.32 Primary mode shapes comparison: Baseline scheme (top) and Alternative scheme(bottom)

The second check is conducted on story drifts under seismic service load

combinations; story drift checks are required to provide comfort to occupants
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