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Profitability versus safety of high-rise office buildings

S. Khajehpour' and D. E. Griersor?

Abgract: The paper agoplies a computer-based method involving dochagtic search, multi-criteria
optimization and color filtering to investigate the tradeoff between the life-cycle profitability of high-
rise commercid office buildings and their load-path safety againgt progressive collapse under abnormal
loading. The study was motivated by the progressive-collapse falure of the twin towers of the World
Trade Center in New York on September 11, 2001. The assessment of life-cycle profitability is based
on annud lease rates for office goace that reflect the amounts of open floor area and naturd window
lighting that a building has. The assessment of load-path safety againgt progressive collapse is based on
the degree of force redundancy tha the Structura system of a building has. A Pareto-optima  tradeoff
surface formed by a population of conceptud desgns for a particular office building project is
edablished in the 3D-gpace of capita cogt, operating cost and income revenue. Computer color filtering
of the optima cost-revenue tradeoff surface is employed to highlight the rdative profitability and
safety of the different building desgns. It is shown that design concepts with the grestest profit
potentiad and those with the greastest safety potentia correspond to buildings that dso are the leest safe
and the least profitable, respectively. It is further shown that the capitd and operating costs for safer
buildings are less than those for more profitable buildings. Computer color filtering of the cost-revenue
tradeoff surface is dso employed to identify building designs having different window ratios and bay
aess, and it is shown that there are multiple compromise building concepts with quite reasonable
window ratios and bay aress that are ggnificantly safer than the mogt profitable buildings while being
sgnificantly more profitable than the safest buildings. The paper concludes with some generd remarks
concerning the design of buildings to withstand or delay progressive collgpse under abnorma loading.

Key words Highrise office buildings lifecycle profitability, load-path safety, progressve collapse,
multi-criteria design, stochastic search, Pareto optimization, computer color-filtering

1 Introduction

A man concen of the owner/builder of a high-rise office building is tha there be a profiteble
rdationship between capitd codt, operating cost and income revenue over time. Typicdly, while
ensuring proper building peformance under normd design loading (gravity, wind, seismic, €tc.),
desdgners drive to meet this lifecycle profitability objective by specifying load-carrying structurd
sysems that have large bay areas between columng/shearwalls s0 as to increase the flexibility of floor
gpace usage. This, and the adoption of large window ratios to teke maximum advantage of naturd
lighting, results in buildings that have good qudity office space which commands high annud lease
rates.
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The tragic failure of the twin towers of the World Trade Center in New York due to terrorigt attack on
September 11, 2001, will place sgnificant onus on desgners of future high-rise marquee buildings to
explicitly ensure specified levds of safety againg progressve collgpse under abnormd  loading
(impact, blagt, fire, etc.). For the particular Stuation where progressive collapseistriggered by the

floor system disengaging from its supports over dl or part of the building footprint a a locaized story
level, as appeared to be the case for the World Trade Center, desgners can drive to meet this
progressve-collgpse safety objective by specifying load-carrying structurd  systems that have smdler
bay areas s0 as to increase the numbers of girders/columns/shearwdls supporting the floor system.
This, and the adoption of floor systems that are well connected to the supporting superstructure, will
result in buildings that have high redundancy and thus enhanced load-path safety againgt progressive
collapse.

This paper investigates the tradeoff between life-cycle profitability and load-path safety for an example
high-rise office building project. A multi-criteria genetic agorithm is gpplied to create a number of
dternative Pareto-optima  conceptud designs for the building that together form the optima cost-
revenue tradeoff surface in the 3D-space of capitd codt, operating cost and income revenue. A life-
cycle cost-revenue function and a load-path redundancy function are gpplied to determine the profit
potentid and the safety potentiad, respectively, of the different building desgns. Computer color
filtering of the costrevenue tradeoff surface is employed to highlight the differences between building
concepts having the grestest life-cycle profit potentid over time and those having the grestest load-
path safety potentid agangt progressve collgpse under abnormd loading. Color filtering of the
tradeoff surface is dso used to identify compromise designs having intermediate profit and safety
potentials. The work extends an earlier sudy of the same topic (Grierson and Khgehpour 2001), and is
based upon a computer-based procedure for conceptud design of engineered artifacts developed by the
authors (Khgjehpour 2001, Grierson and Khgehpour 2002).

2 Example office building project

Table 1 ligs the parameter vaues governing an example office building design project (Khagehpour,
2001). The land codt is defined by the area of the building footprint. The lowto-high range of annua
lease rates is defined by the location of the building and accounts for qudity of office gpace that ranges
from poor (smdl bay aress/low window ratio) to good (large bay areashigh window ratio). The annud
cogt of mantenance work required to upkeep and clean the building is taken as 2% of the capitd cost
of the gdructure, cladding, and HVAC, devator and lighting systems. The annua cost of property taxes
is taken as 5% of the vadue of the building. Unit costs are U.S. nationd averages and include account
for cost of materias, shipping, unloading, accessories and inddlation. (Means 1999). The cods of
columns, bracing and shear walls for the building are defined by the unit costs for sted, concrete,
reinforcement and forming. Foor and Sarcase costs are defined by US ndiond averages (Means
1999). The finishing unit cost accounts for the cost of painting, carpets and other trim for the building.
The unit costs for sructurd sted and plumbing account for the cost of fire protection. The building
mechenicd and dectricd sysems incdude dl-ar HVAC sysems, dectric-traction eevators and
fluorescent lighting. The HVAC unit costs account for the cost of boilers, chillers and plumbing
required to accommodate the heeting and cooling loads imposed on the building. Elevator cogts are
taken as US nationd averages, as are those for cladding and windows (Means 1999). The dectricd unit
cost accounts for the cogt of lighting and associated wiring and outlets required to provide an
illumingtion levd of 20 Watts/n’. The energy unit costs account for the cost of the dectricity/ges
consumed by the HVAC, devator and lighting systems.



The geographica and environmental information in Table 1 is intended to goply for a city in North
America. The load information is specified by the Nationd Building Code of Canada (NRCC 1990).
The applied dead load accounts for the weight of wal partitions, celings and fixtures, floor finishing
and plumbing and ducting. The sdfweight of the floors is separatdy accounted for once the floor type
and bay aress ae identified. The gravity live load accounts for the weight of office equipment,
furnishings and occupants. All gravity dead and live loads are gpplied as uniformly digtributed loads
over the entire building footprint aea a each sory levd, including the roof. Laterd wind loads are
cdculated as a function of the building surface area and the wind pressure listed in Table 1. Both direct
and suction wind loading are gpplied a each dory levd as equivdent concentraed loads. Selsmic
loading is not accounted for.

The building architecturd systems are specified such that the column lines are regularly spaced in two
orthogonal-plan directions. The floor type and depth are taken the same for dl dories. Windows are
ingdled one metre above floor levd and dretch to the celing. The building plan layout, service core
area, and floor-to-floor height are specified to be the same for dl dories. Table 1 ligs the limitations
imposed on the building footprint dimensors, overdl height, floor-to-celling dearance height,
centraly located verticd service core area, and corridor (hdlway + office) disgance from core to
building perimeter. The building is to have a least 60,000m? of lease office space after the service core
area is accounted for. Table 1 dso ligs the limitations imposed on the length-to-width aspect ratio and
the height-to-width denderness ratio for the building to comply with good officespace layout
principles and required structurd stability conditions, respectively.

The dimensond limits liged in Table 1 redrict the building to have from 15 to 80 dories which, for
practicd desgn purposes limits the number of different laterd and gravity load-resisting structurd
systemns that may be considered for the design of the building to the five types shown in Figure 1. Table
2 ligs ten possible choices for these structura systems depending on whether they are concrete or sted.
Also liged in Table 2 ae the different choices possble from among eght floor system types, eight
numbers of column bays in ether plan direction, Sxteen bay widths in ether plan direction, four
window types, gxteen window ratios, and four exterior cladding types The eight different floor
systems are depicted in Figure 2, where the first four types goply for concrete structures while the last
four apply for stedl structures.

The ranges of available choices for architecturd and dructurd systems lisged in Table 2 dlow for a
totad of more than 167 million desgn concepts for the building, abet most are infeasible A stochastic
search technique (Grierson and Khgehpour 2002) is employed in the following to identify a subset of
feasible desgns that are Pareto-optima in the sense that for each such design there does not exist any
other feesble design for the building that smultaneoudy has smdler capitd and operating costs and
larger income revenue.

3 Multi-criteria design optimization

A st of optima feasble desgn concepts for the building is found by formulaing and solving the
multi-criteria optimization problem (Grierson and Khgehpour 2002),

Minimize {Initial Capital Cost ; Annual Operating Cost ; 1/Annual Income Revenue} (19

Subject to{Dimensional Restrictions ; Availability Limitations ; Performance Requirements} (1b)
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In Egq. (18), the three cost-revenue objective criteria to minimize initid capitd cogt, minimize annud
operding cos, and minimize 1/annud income revenue (i.e, maximize annud income revenue) for the
office building are functions of the governing parameters and primary variables for the desgn liged in
Tables 1 and 2, respectively, as wdl as of the secondary design quantities that define building width,
length and height, number of dories, floor depth, service core dimensions, avalable lease office space,
and agpect and denderness ratios (the vaues of which are derived from those for the governing
parameters and primary variables).

The initid capitd cost a the time of building congruction is defined by the cost of land and that of
esimated architectural, structurd, mechanicd and dectricd sysems found through corresponding
goproximate andyses. The annua operating cost is defined by the cost of energy consumed,
maintenance work done and property taxes for the first year after completion of building congtruction.

The annua income revenueis that generated for the first year after completion of congtruction and is
defined by the available office space, tenant occupancy rate and annual leaserate The leaserateis
etablished taking into account the location of the building and the qudlity of office space (Khajehpour
2001). The building location defines minimum and maximum locd lease rates (eg, see Table 1). The
quality of office spaceisafunction of the flexibility of floor space usage and the extent of natura
lighting, and can be poor or good depending on whether the building has smdler or larger bay aress
and window ratio, respectively.

The condraints in Eq.(1b) ensure the feaghility, functiondity and performance of the building. The
dimensond redrictions are defined by the building limits liged in Table 1. The avalability limitations
ae defined by the ranges of primary desgn vaiadble vadues liged in Table 2. The peformance
requirements ensure that columns, bracing, shear walls and floor systems satisfy design code provisons
(CISC 1997, CPCA 1995) under the action of axid, flexurd and shear forces cdculated using
gpproximate dructural andysis for codespecified combinations of dead, live and wind loading (NRCC
1990). Additiona condraints are imposed by rules of good design practice that ensure the architecturd,
gructurd, mechanicd and dectricd layouts and systems for the building are feasble and practica
(eg., the firg four floor systems listed in Table 2 are only used for concrete frame sructures, while the
last four floor systems are only used for stedl frame structures).

An optima solution to the problem posed by Egs.(1) is a design for the building that is not dominated
for al three cost-revenue objective criteria by any other possble feasble desgn. Such a desgn is
teremed Pareto (Pareto 1896) and, as the following results demondrate, there are many of them. The
Pareto optimization problem is solved usng a multi-criteria genetic dgorithm (MGA), the flowchart
for which is shown in Figure 3. The possble choices for the primary design variadles liged in Table 2
are represented by their binary equivadents listed in Table 3. The genetic data and operators adopted for
the MGA ae population Sze = 1000 building desgn concepts (encoded as binary hit-strings);
reproduction = weighted rouletteewhed smulation (proportionate fitness selection); crossover = two-
point, with 100% probability; and mutation = sngle-bit, with probability that decreases from 5% to 0%
over successive generations of the genetic search. As indicated in Figure 3, the reproduction, crossover
and mutation operators are agpplied generation-after-generation to the population of designs until,
guided by cod-revenue fitness evauations (with account for condraint violations), the Pareto-optima
desgn st for the building is found (to reman the same for a specified number of consecutive
generations), a which point convergence is taken to occur and the genetic search terminates.



4 Building design results

The computer-based MGA finds 815 Pareto designs that together define the optimd codt-revenue
tradeoff surface depicted in Figure 4 in the 3D-space of capita cost, operating cost and 1/income
revenue for the building (Khgehpour 2001). Each of the 815 (grayscde) dots plotted in Figure 4
corresponds to a different design of the building. For example, the building design corresponding to the
sngle dot cirded in Figure 4 is shown in Figure 5 This building has a sed moment-frame and
concrete shearwd| gructural system (Figure 1), and a sed joist, beam and deck floor system topped by
a concrete dab (Figure 2). It is 122m high and has thirty-one floors (including one mechanicd floor).
The plan footprint area a each floor levd is 50m x 50m = 2500m? divided into fifty 5m x 10m = 50n"’
bay aress. A centrd service core area of 15.6m x 32.1m = 500m? a each floor level accommodates
twenty-one devators and two darcases over the height of the building. Insulated heat absorbing
windows occupy 60% of the avalable window surface on the building perimeter. The remaining
perimeter surface of the building is dad with metd sding pands The totd amount of avalable lease
office space is 60,000m? The annud lease rate for office space is $371L.4/n7 (US$), as determined by
the bay area sze and window ratio (Khgehpour 2001). The initid capitd cost and annud operating
cost for the building are $102.48M(million) and $8.68M, respectivdly. Assuming al office space is
leased, the annua income revenue for the building is $22.28M.

Only eight of the ten dructurd systems listed in Table 2 were found to be represented in the Pareto-
optima desgn s, as buildings with a concrete or sted framed tube structurd system did not survive as
viable cogt-revenue design concepts (Khgehpour 2001). All eght of the floor systems listed in Table 2
ae represented in the Pareto-optimal desgn s¢. From among dl 815 Pareto-optima desgns. the
shortest building is 19 dories high and has a plan footprint that measures 70m x 60m, while the talest
building has 52 dories and a 50m x 30m plan footprint; the minimum and maximum totd lease office
spaces are 60,000nf and 61,740nf, respectively, a difference of less than 3%; the minimum and
maximum bay area sizes are 25n7 and 132n7, respectively; the minimum and maximum window ratios
ae 25% and 100%, respectivdy; and the minimum and maximum annud lease rates are $305/nT and
$497/n?, respectively.

Computer color filtering of the cost-revenue tradeoff surface formed by the Pareto-optima design set
(Figure 4) is carried out in the following to identify zones occupied by building concepts having ether
the greatest life-cycle profit potentid over time or the greastest load-path safety potentid agangt
progressive collapse.

5 Life-cycleprofitability

Having the vdues of initid Capital Cost, annud Operating Cost and annud Income Revenuefor each
of the Pareto-optima design solutions to the problem posed by Egs(1), the life-cycle profit potentid
over time of each of the corresponding buildings is assessed by evauating the cost-revenue function,

Profit=  Income Revenue* S'[ OR( * (1+ MR) "™ * (1+ IR) **]
k=1
- Operating Cost* S'[ (1+ MR)™ * (1+ IR) **]
k=1
- Capital Cog* (1+MR)" 2



where OR; is a vaiable anud tenant occupancy rate, MR and IR ae fixed annud mortgeage and
inflation rates, respectively, k = a yealy counter, and t = the time in years dafter completion of
congruction.. A time interval-having technique is applied to Eq.(2) to find the time t = t° for each
Pareto desgn when Profit changes from a negdive to a podtive vdue The rdative lifecyce
profitability of each building is characterized by a profitability index calculated as,

Profitability Index = t™"/ t° ©)

where t™" is the minimum period of time after completion of construction when a building in the Pareto
et begins to become profitable (i.e, when Profit = 0). From Eq,(3), the building for which t° = t™" has
the greatest Profitability Index = 1, while buildings for which t° > t™" have smdler Profitability Index
<1

The computer color-filtered graphic of the optima cost-revenue tradeoff surface shown in Figure 6
highlights zones of different life-cyde profitability among the 815 Pareto designs for the building
(these reaults were determined through Egs (2) and (3) for the mortgage and inflation rates given in
Table 1, for annud income revenue caculated for a tenant occupancy rate that is 55% for the first year
and which increases 10% yearly until reeching a maximum levd of 95% for the fifth year and
theregfter, for annud operating cost cadculated assuming the building is fully operationd each year, and
assuming that the entire initid capitd cogt of the building is mortgaged). The building with the greatest
profit potential corresponds to the black dot circled in Figure 6 (Zone 1), and is shown in Figure 7. This
building is the firg to become profitable, 10.1 years after completion of congtruction, primarily
because it commands a high annua lease rate of $497/m? due to the fact that it has the highest possible
window ratio of 100% and reasonably large bay aress of 85m x 12m = 1027, which give rise to good
qudlity office pace having lots of naturd daylight and fairly flexible floor usage possihilities

6 Load-path safety

Having the numbers of bay areas and columns that define the plan footprint of each Pareto-optimd
building desgn, the load-path safety potentiad againgt progressve collgpse triggered by the falure of
the entire floor sysem a a locdized sory levd is assessed by evduating the force redundancy
function,

R={ C* ( Number of Bay Areas+ Number of Columns- 1) } 4

where R = the degree of force redundancy (indeterminacy) a any one gdory leve of the building, and C
= the degree of force connectivity between the floor sysem and the girders'columngshearwdls (eg., C
= 6 indicaes full bi-axid moment, bi-axid shear, axid and torsond force connectivity of the floor
system in dl bay areas). The gredter the vaue of R from Eq.(4) the greater is the load-path redundancy
of the building and, hence, the grester is its load-path sofety agangt progressve collgpse under
abnormd loading. The rdaive load-path safety of each building is charecterized by a safety index
caculated as,

Safety Index = R/ R™ (5)



where R™ is the maximum load-path redundancy among dl buildings in the Pareto-optima design s&t.
From Eq.(5), the building for which R = R™ has the greastest Safety Index = 1, while buildings for
which R < R™ have smaler Safety Index < 1.

The computer color-filtered grephic of the optima cost-revenue tradeoff surface shown in Figure 8
highlights zones of different load-path safety among the 815 Pareto designs for the building (these
results were determined through Egs (4) and (5) assuming that the degree of connectivity between the
floor sysem and its supporting girders/columng/'shearwalls is the same for dl buildings). Figure 8
indicates that three buildings have the same maximum safety potentid (Zone 4), the circled one of
which is shown in Fgure 9. These buildings have the largest load-path redundancy from among dl
Pareto designs because they have the smalest bay aress (5m x 5m = 25m? and, consequently,
proportiondly larger numbers of girders'columns/shearwdlls available to carry loads.

7 Profitability ver sus safety

It is interesting to note from Figures 7 and 9 tha the building with the grestest safety potentid has both
lower initid capitd cost ($100.62M versus $107.98M ) and lower annud operating cost ($8.60M
vearsus $8.91M ) than the building with the grestest profit potentid. This is because the floor and facade
capital cogs and the HVAC operating codts are greater for the latter building by virtue of its larger bay
areas and window ratio. Indeed, upon comparing Figures 6 and 8 it can be observed that safer buildings
are viable costrevenue design concepts because they have lower capitd and/or operating costs than
other designs, while more profitable buildings are viable design concepts because they generate more
income revenue than other designs.

Compared to the building with the grestest profit potentid shown in Figure 7, the building with the
gresiest safety potentiadd shown in Figure 9 commands a somewhat lower annua lease rate of $305/m?P
because it has poorer qudity office space as a consequence of having a low window rétio of 25% and
the small 25’ bay aress noted above. As a result, Figures 7 and 9 reved that the time-to-profitability
for the safest building is more than three times that for the mogt profitable building. At the same time,
however, Figures 7 and 9 dso reved that the load-path redundancy of the most profitable building is
less than onethird of that for the safest building and, therefore, that it has somewha less safety
potential againgt progressive collgpse under abnormal loading.

Indeed, the two buildings in Figures 7 and 9 represent extremes of the set of designs forming the
optimal cost-revenue trade-off surface (Figure 4), in the sense that the most profitable building haes
dmog the leest sfety potentid againgt progressve collgpse while the safest building has dmogt the
leest profit potential over time. Perhgps a design that represents a compromise between the two would
be a better choice for the building project. One such compromise building design is tha shown in
Figure 5 which, as indicated by its profitability and safety indices, has twice the safety potentid (load-
path redundancy) of the mogt profitable building and twice the profit potentid (hdf the timeto-
profitability) of the safest building. This building has a60% window ratio and 50nT bay aress.

In fact, there are multiple dterndive building concepts with quite reasonable window ratios and bay
aess tha ae dgnificantly safer than the mogt profitable building while being dgnificantly more
profitable than the safest building. To illudtrate this, the optimal cost-revenue tradeoff surface has been
computer color filtered in Figures 10 and 11 to identify zones occupied by building concepts having
different window ratios and bay aress, respectively. The intersection of Zones 3, 2, 2, and 3 in Fgures
6, 8, 10 and 11, respectively, identifies the cluster of building design concepts circumscribed by a box
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in Figure 4 that have 4565% window ratios and 77-105n7 bay aress, and which are twice as safe and
profitable as the most profitable and safest buildings, respectively. These dternative building designs
have sed moment frames with bracing and, a 19 to 27 dories high, are shorter with larger footprint
plan aeas than both the most profitable and safest buildings (Khgehpour 2001). They require larger
building dte areas to accommodate their larger footprints and as a consequence, because the cogt of
land is expensive a $12,000/nT (Table 1), they have greater initid capitd cost than both the most
profitable and safet buildings At the same time, thee dternative buildings incur lower annud
operating cost than the most profitable building and generate higher annud income revenue than the
safest building.

From Figure 7, the mogt profitable building is a concrete frame/shearwdl sructure with concrete floors
while, from Fgure 9, the sdfest building is a ded framelconcrete shearwdl dructure  with
ged/concrete floors. It is important to note, however, that the tradeoff between profitability and safety
is not dependent on whether buildings are primarily concrete or sed. In fact, severd of the high profit-
potentid buildings in Zone 2 of Fgure 6 ae ded frang/concrete shearwdl dructures with
ged/concrete floors, while two the three buildings indicated in Zone 4 of Figure 8 as having the
maximum safety potentid are concrete frame/shearwdl dructures with concrete floors  (Khgehpour
2001).

8 Concluding Remarks

The relative safety (load-path redundancy) results highlighted in Figure 8 were found assuming that dl
of the floor system types liged in Table 2 have the same degree of connectivity with their supporting
girderscolumns/shearwadls for the building. In redity, however, some types of floor systems provide
lower load-path redundancy than do other floor systems. For example, only the top chords of an open-
web ged joig floor sysem of the type used in the World trade Center are end-connected by bolts or
welds to horizontal bearing-support girders that span between column lines. Even though both the top
and bottom chords are typicdly end-connected a the column lines themsdves the load-path safety
(redundancy) of such a floor system is somewhat less than that of, say, a concrete plate or dab floor
system tha is monoalithicaly connected to the girderscolumng/shearwdls for the building. Indeed, if
the sted joist floor system is subjected to intense fire loading it will begin to sag in span and the bolts
or welds a the ends of the top chords will become paticularly vulnerable to failure in shear as the
otherwise bearing connections become loaded into tendon (Kirby 1999), thereby potentidly triggering
progressve collapse of the building. As another example, panelized concrete buildings are vulnerable
to progressve collapse falure under blast loading if the floors and bearing walls are not adequatdly
connected (Griffiths et al. 1968). The importance of load-path redundancy for the safety of buildings of
any type should never be underestimated, as evidenced by the 1990's bombing of the Murrah Federd
Building in Oklahoma City which initidly destroyed only a single column but that was sufficient to
trigger a progressve collgpse falure that cdamed a mgority of the casudties (Rittenhouse 1995,
Brouwer 2002)

The problem of progressive collgpse under abnormd loading is very complex and chdlenging (Burnett
1974), and the work presented here concerning load-path redundancy addresses but a pat of the
solution. It is adso necessary to ensure tha the latera and gravity load-resigting structurd systems for a
building have adequate dsrength and ductility to prevent or impede progressve collapse under
prescribed abnormd loading. For example, even though the openweb sted joist floor system discussed
in the previous paragraph is quite cost-effective for long spans, under intense fire loading it may be
required to end-connect al top and bottom chord members to prevent or impede progressive collgpse
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triggered by the floor bresking away from the columnggirdersshearwdls for the building. Similarly,
even though the monoalithic concrete flat plate floor sysem for the concrete structure in Figures 7 is
adso quite cogt-effective because it serves to limit the overdl building height, under intense blast
loading it may need to be reinforced by drop panels and column capitds to prevent or impede punching
shear falure leading to progressve collapse (Ettouney et al. 1996). Fire loading is aso of ggnificant
concern for concrete sructures because under intense heat concrete is prone to explosve thermd
godling, thermd fracture, and disntegration due to dehydration (Bazant and Kagplan 1996), which may
require the building superstructure to be augmented in a variety of ways 0 as to prevent or impede
local falure leading to progressive collapse.

The foregoing discusson is not suggesting that it is dways possble to build tdl buildings that would
never fal under the action of abnorma loading such as that experienced by the World Trade Center. It
is implying, however, that a variety of design drategies can be employed to congruct buildings that are
able to stand up under abnorma loading as long as long as possble 0 as to give tenants and rescue
personnel a reasonable chance to evacuate before the devadtating cascading effects of progressve
collapse occur. The results presented concerning building life-cyce profitability were origindly
reported in February 2001 (Khgehpour 2001), while those concerning building load-path safety were
found in the months following September 11, 2001. The caculaion of income revenue in both cases
was based on the premise that larger and more open office gpace with lots of windows commands a
higher annud lease rate. It may be tha tenants in the future will, ingeed, prefer to pay higher annud
leese rates for office gpace in marquee buildings that are specificaly designed to have greater safety
againg progressive collgpse under abnorma loading.

References

Bazant, Z. P.; Kaplan, M. F. 1996 Concrete at high temperatures. London: Longman Addison-Wedey
Brouwer, G. 2002: Up into the sky. Civil Engineering, ASCE, January, pp 50 — 57

Burnett, EF.P. 1974: Building safety, abnorma loadings and the avoidance of progressive collapse:
Regulatory Approaches to the Problem. Technical Report, Inditute of Applied technology, Nationd

Bureau of Standards, Washington, D.C.

CISC 1997: Handbook of sted congruction—seventh edition. Canadian Inditute of Sted Construction,
Willowdae, ON, Canada

CPCA 1995 Concrete design handbook — second edition. Canadian Portland Cement Association,
Ottawa, ON, Canada

Ettouney, M.; Smilowitz, R,; Rittenhouse, T. 1996. Blast resgant desgn of commercid buildings.
Practice periodical on structural design and construction, ASCE, February, pp 31-39

Grierson, D. E.; Khgehpour, S. 2001 High-rise commercid office buildings profitability vs safety.
Building for the 21% century, CTBUH Conference, London, UK, December 9-11

Grierson, D. E.; Khgehpour, S. 2002 Method for conceptua design gpplied to office buildings. ASCE
J. of Computing in Civil Engineering. 16, 83-103



Griffiths, H.; Pugdey, A.; Saunders, O. 1968: Collapse of flats a Ronan Point, Canning Town. Inquiry
Report, Minigtry of Housing and Locd Government, London, UK.

Khaehpour, S. 2001: Optimal conceptual design of high-rise office buildings PhD Thesis, Civil
Engineering, Universty of Waterloo, ON, Canada

Kirby, B. R. 1999: The behaviour of multi-storey steel framed buildings Swinden Technology Centre,
British Sted, UK

Means R.S. 1999: Assenblies Cost Data / Building Construction Cost Data / Square Foot Casts, R.S.
Means Company, Kingston, MA, USA

NRCC 1990: National Building Code of Canada—NRCC 30619 / Supplement-NRCC 30629. Nationd
Research Council of Canada, Ottawa, ON, Canada

Pareto, V. 1896. Cours d economie politique, A, 2, Rouge, Lausanne, Switzerland

Rittenhouse, T. 1995: Designing terrorig-resstant buildings. Fire Engineering. 148, 103-105

10



List of Tablesand Figures

Table 1: Governing parametersfor office building design
Table 2: Primary variablesfor office building design
Table 3: Binary representation of primary variablesfor office building design

Figure 1: Structural system types

Figure 2: Floor system types

Figure 3: Multi-criteria Genetic Algorithm (MGA)
Figure 4: Optimal cost-revenue trade-off surface
Figure5: Example Par eto-optimal building design
Figure6: Building life-cycle pr dfitability

Figure7: Mogt profitable building

Figure 8: Building load-path safety

Figure9: Safest building

Figure 10: Building window ratios

Figure 11: Building bay areas

11



12

Table 1: Governing parametersfor office building design

Parameter Value
Location Information
Land Unit Cost (US$/m?) 12000
Range of Annual Lease Rates ($/m?/yr) 300-540
Maintenance (%ocapital cost) 2
Taxes (Yobuilding value) 5
Mortgage Rate (%) 10
Inflation Rate (%) 3
Unit Costs
Structural steel ($/ton) 2039
Concrete ($/m°) 143
Reinforcement ($/ton) 1400
Forming ($/m?) 45
Roofing ($/m?) 63
Finishing ($/m?) 130
Plumbing ($/nf) 45
HVAC Boiler ($kW) 225
HVAC Chillers ($/kW) 715
Energy-Electric ($mwhr) 100
Energy-Gas ($mWhr) 40
Electrical ($/nf) 121
Elevators, cladding, windows ($/avguS$) 1
Geographical & Orientation Information
Latitude (Degree North) 40
Angle of building with East (Degree) 0
Environmental I nformation
Clear Sky Percentage (%) 75
Hot Day Relative Humidity (%) 80
Cold Day Relative Humidity (%) 50
Inside Temperature (C°) 2
Average Maximum Outside Temperature (C °) 31
Average Minimum Outside Temperature (C°) - 20
Hot Day Temperature Range (C°) 10
Cold Day Temperature Range (C°) 10
Load I nformation
Applied Dead Load (kN/n) 1.45
Gravity Live Load (KN/nr) 2.80
Wind Load Pressure (kPa) 0.48
Seismic Load N/A
Building Limits
Maximum Footprint Length (m) 70
Maximum Footprint Width (m) 70
Maximum Building Height (m) 300
Minimum Floor/Ceiling Clearance (m) 3
Fixed Core/Footprint Area (%) 20
Minimum Core/Perimeter Distance (m) 7
Minimum Lease Office Space (m?) 60,000
Maximum Length-to-Width Aspect Ratio 2
Maximum Height-to-Width Slenderness Ratio 9
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Table2: Primary variablesfor office building design

Structur al System Floor System BayNumber| BayWidth| Window |WRatio| Cladding
Index Type Type (x,y) (m) Type (%) Type
1 | Concretem-frame Concrete flat plate 3 45 Standard 25 PC concrete
2 | Concretem-frame & shearwall Concrete flat slab 4 50 Insulated 30 Meta panel
3 | Concrete framed tube Concrete waffle dab 5 55 Standard HA| 35 Stucco wall
4 | Steel mframe Concrete beam & dab 6 6.0 Insulated HA| 40 Glazed panel
5 | Steel g-frame & bracing Composite steel beam & concrete slab 7 6.5 45
6 |Steel mframe & bracing Steel joist & beam & deck & concrete slab 8 7.0 50
7 | Steel g-frame & concrete shearwall |Steel beam & composite deck & concrete slab) 9 75 55
8 | Steel m-frame & concrete shearwall |Composite steel beam & deck & concrete slab) 10 8.0 60
9 | Steel g-frame & bracing & outriggers 85 65
10 | Steel framed tube 9.0 70
11 95 75
12 10.0 80
13 105 85
14 11.0 90
15 115 95
16 12.0 100

BayNumber = number of column baysin thexandy directionsof the building footprint (8 choicesin either direction) ; BayWidth = width of column bays
inthexandy directions (16 choicesin either direction) ; WRatio = window ratio ; g = gravity ; m= moment ; HA = heat absorbing ; PC= Pre-Cast
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Table 3: Binary representation of primary variables for office building design

Base-10 | Structural System | Floor System | BayNumber | BayWidth Window | WRatio Cladding
I ndex Type Type (x,V) (m) Type (%) Type
1 0000 0000 0000 0000 0000 0000 0000
2 0001 0001 0001 0001 0001 0001 0001
3 0010 0010 0010 0010 0010 0010 0010
4 0011 0011 0011 0011 0011 0011 0011
5 0100 0100 0100 0100 0100
6 0101 0101 0101 0101 0101
7 0110 0110 0110 0110 0110
8 0111 0111 0111 0111 0111
9 1000 1000 1000
10 1001 1001 1001
11 1010 1010
12 1011 1011
13 1100 1100
14 1101 1101
15 1110 1110
16 1111 1111
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Figure 1. Structural system types
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€) Composite steel beam &
concrete slab

0) Steel beam & composite deck &
concrete slab

Figure2:

f) Steel joist & beam & deck &
concreteslab

h) Composite steel beam & deck &
concrete slab

Floor system types
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Specify Building Design Project
(Parameters, Variables, Objectives, Condraints)

\
Create Initial Desgn Population

\

»| DecodePrimary Design Variables

\

Calculate Secondary Design Quantities

\
Eliminate Infeasble Designs

\

Evaluate Cost-Revenue Criteria for Feasible Designs

\

Find New Pareto Design Set

No

Assign Cost-Revenue Design Fitness

\
Gener ate New Design Population

A

(Reproduction, Crossover, Mutation)

Figure 3. Multi-criteria Genetic Algorithm (MGA)



Figure 4: Optimal cogt-revenue trade-off surface
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Structure: Steel moment frame & concrete shearwall
Floor: Steel joist & beam & deck & concrete slab
Number of floors: 31

Height: 122m

Footprint: 50m x 50m

Bay area: 10 mx 5m

Corearea: 32.1mx 15.6m

Elevators: 21

Staircases & width: 2 @ 1.1m

Window: Insulated heat absorbing

Window ratio: 60%

Cladding: Metal siding panel

L ease office space: 60000m?

Annual leaserate: $371.4 /m?

I nitial capital cost: $102.48M

Annual operating cost: $8.68M \ /.
Annual revenueincome: $22.28M &

Profitability index: 0.58 (n=17.5yrs) K s
Safety index: 0.52 (R=115* C) \ /

Core, Shearwall

Figure 5: Example Par eto-optimal building design
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Structure: Concrete moment frame & shearwall
Floor: Two-way concrete flat plate
Number of floors. 32

Height: 122m

Footprint: 68m x 36m

Bay area: 8.5mx 12m

Corearea: 38.4mx 12.8m
Elevators: 21

Staircases & width: 2@ 1.1m
Window: Insulated heat absorbing
Windowratio: 100%

Cladding: Metal siding panel

L ease office space: 60651m?
Annual leaserate: $497/m’

I nitial capital cost: $107.98M
Annual operating cost: $8.91M

Annual revenue income: $30.14M \

Profitability Index: 1.0 (n=10.1 yrs)
Safety Index: 0.27 (R=59* C)

%

N

___ Core, Shearwall

Figure 7: Mog profitable building
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Figure 8. Building load-path safety
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Core, Shearwall

Structure: Steel moment frame & concrete shearwall
Floor: Steel joist & beam & deck & concrete slab
Number of floors: 31

Height: 116m

Footprint: 50m x 50m

Bay area: 5m x 5m

Corearea: 20.6m x 24.3m

Elevators: 21

Staircases & width: 2 @ 1.1m

Window : Insulated heat absorbing

Window ratio: 25%

Cladding: Meta siding panel

L ease office space: 60000m?

Annual leaserate: $305/m’

Initial capital cost: $100.62M AN /"
Annual operating cost: $8.6M % &
Annual revenue income: $18.3M N S

Profitability Index: 0.29 (n=34.6yrs)
Safety Index: 1.0 (R=220* C)

Figure 9: Safest building
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Figure 11: Building bay areas
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