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Executive�Summary� � � � � � � � �

The�Multipurpose�Health�Science�Center�(MHSC)�is�a�new,�state�of�the�art�medical�facility�
within�the�heart�of�Philadelphia.�The�great�urban�location�comes�with�a�primary�shortcoming:�lack�
of�space,�which�has�prompted�the�owner�to�express�need�for�a�significant�program�expansion�
including�the�addition�of�green�space;�thereby�requesting�an�in�depth�architectural,�green�roof,�and�
structural�investigation.�

Architectural�Breath��
� By�analyzing�the�existing�architectural�conditions,�a�building�mass,�typical�floor�plans�and�
framing�layouts�were�created�which�successfully�met�the�126,000�sf�program�requirement�at�83%�
efficiency.�Finally,�an�egress�checked�insured�that�the�adequate�size�and�number�of�exits�were�
present�to�insure�the�safety�of�the�building’s�6,000�potential�occupants.�

Green�Roof�Breath��
The�green�roof�will�be�a�dual�intensive�and�extensive�system�with�a�1400sf�accessible�garden�

above�the�library,�with�an�extensive�green�roof�system�covering�the�remaining�4800�sf�of�roof.�This�
breadth�will�show�that�the�$49,871�cost�for�the�intensive�roof�is�only�0.03%�of�the�total�$150�million�
budget.�It�becomes�clear�that�the�green�roof�is�a�very�feasible�addition�to�the�budget,�especially�
when�long�term�cost�reductions�in�storm�water�treatment�and�energy�consumption�are�considered.��

Structural�Depth�
� The�structural�system�had�to�not�only�meet�the�strength�and�serviceability�requirements�of�
the�new�design,�but�to�do�so�as�efficiently�as�possible.�Extensive�computer�modeling�of�the�lateral�
and�gravity�system�was�used�to�meet�these�design�criteria,�which�was�verified�by�even�more�
extensive�manual�checks.��
� One�element�of�the�lateral�system�design�was�an�attempt�at�creating�a�more�efficient�
system�by�eliminating�existing�moment�frames�and�replacing�them�with�braces�frames.�After�dozens�
of�design�iterations�in�RAM,�a�check�using�STAAD,�and�multiple�hand�calculations,�a�finalized�design�
was�made�which�not�only�met�the�8.8”�drift�limit�and�resisted�the�2300kip�wind�load,�but�also�
decreased�the�frame�cost�relative�to�the�square�footage�by�6%.��
� In�depth�hand�checks�of�the�gravity�system�verified�the�computer�modeling�data,�provided�
further�evidence�of�the�design’s�effectiveness�in�addressing�the�program�requirements.�

Lastly,�a�vibration�analysis�for�sensitive�equipment�was�made,�which�demonstrated�that�the�
floor�system�is�adequate�for�less�sensitive�equipment�and�procedures,�such�as�microscopes�with�
100x�magnification�and�surgery.�This�may�meet�the�university’s�needs;�however,�a�redesign�would�
be�required�to�accommodate�more�sensitive�equipment.�

�
�
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Introduction� � � � � �

� The�report�culminates�the�Architectural�Engineering�Senior�Thesis�Project.�Based�within�
the�structure�option,�the�purpose�of�the�thesis�is�to�investigate�and�analyze�an�existing�building,�
and�then�to�provide�a�scenario�which�requires�the�redesign�of�the�building.�This�report�focuses�
on�the�redesign�scenario,�but�integrates�some�of�the�initial�analysis�results,�which�are�available�
in�their�full�at�the�website�listed�in�the�building�abstract�under�Tech1,�2�and�3.��

�The�addition�of�five�levels�to�the�original�design�is�the�basis�for�the�redesign�scenario�–�
the�structural�breadth�–�and�is�the�core�of�the�architectural�and�green�roof�breadths.�Two�goals�
guided�the�completion�of�this�thesis:�

The�creation�of�a�design�which�meets�the�addition’s�requirements.�

To�make�this�design�as�efficient�as�possible.�

� The�Design�Impetus�section�further�details�this�design�problem�and�outlines�the�process�
for�solving�it.��The�following�Building�Information�section�introduces�general�information�
relating�to�the�original�and�new�designs.��

The�rest�of�the�report�is�separated�into�five�sections,�each�containing�a�set�of�defined�
goals,�a�design�process,�and�conclusions.�The�first�is�Architectural�Breadth,�which�details�the�
architectural�planning�and�design�of�the�building�addition.�This�is�followed�by�the�Green�Roof�
Breadth�which�describes�the�green�roof�selection�and�design�process.�These�two�sections�
provide�the�design�impetus�that�defines�the�requirements�of�the�Structural�Breadth�section,�
which�is�broken�into:�Introduction,�Building�Loads�&�Design�Codes,�Overall�Addition,�Lateral�
System�Design,�Gravity�System�Design,�Vibration�Check,�and�Conclusions.�The�remaining�
sections�are�Conclusions,�which�summarizes�all�of�the�design�information,�and�the�Appendix.�

�

��

� �
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Design�Impetus� � � � � �

Problem�Statement� � � � � �
� �

The�Multipurpose�Health�Science�Center�(MHSC)�is�a�new,�state�of�the�art�facility�within�
the�heart�of�Philadelphia.�The�great�urban�location�comes�with�a�primary�shortcoming:�lack�of�
space.�Therefore,�the�owner�has�expressed�the�need�for�significant�expansion,�requesting�the�
addition�of�five�levels�to�the�existing�design,�as�well�as�a�feasibility�study�into�the�addition�of�a�
green�roof,�with�an�accessible�garden�above�the�library.�This�will�alleviate�the�constriction�of�
urban�green�space�while�giving�the�medical�campus�room�to�grow�(in�red�on�map�below).�
� The�addition�of�five�levels�will�include�several�laboratories�with�especially�sensitive�
laboratory�equipment,�requiring�a�vibration�analysis.�This�analysis�will�need�to�be�done�in�
addition�to�a�redesign�of�the�gravity�columns�and�foundations,�as�well�as�the�lateral�force�
resisting�system.�Architecturally,�this�addition�will�need�to�be�designed�to�merge�with�the�
existing�in�terms�of�aesthetics,�programming,�and�egress�capacities.�
� The�green�roof�feasibility�study�will�need�to�take�into�account�the�additional�loading�on�
the�structure,�especially�in�the�green�roof�garden�area,�as�well�as�a�cost�and�schedule�analysis.�
Both�short�term�and�long�term�benefits�will�need�to�be�taken�into�account�in�the�study�to�
insure�accuracy.�Additionally,�the�garden�area�will�need�to�be�designed�and�incorporated�into�
the�existing�building�

�
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Proposed�Solution� � � � �
The�Addition�
�

The�addition�of�five�levels�of�occupied�space�will�be�accomplished�by�cutting�the�existing�
building��seen�below�left��at�the�12th�floor�penthouse�level.�Five�additional�levels�of�usable�
space�will�be�inserted�here�creating�floors�12�16.�The�penthouse,�including�its�mezzanine�level�
will�be�moved�to�the�17th�floor,�creating�the�new�building�form�seen�below,�right.�

�

�

Architecturally,�the�programming�will�remain�similar�to�the�existing�tower�floors.�The�
large�administrative�offices�will�be�eliminated�to�keep�space�for�the�laboratories�and�their�
support�areas.�A�check�will�need�to�be�made�using�the�IBC�2006�to�ensure�that�egress�
requirements�are�met.�

The�building�form�will�continue�up�with�a�flat�façade�instead�of�the�curve�to�accentuate�
the�layering�of�the�building.�This�will�allow�most�of�the�existing�structural�framing�to�continue�
upward�unchanged,�with�the�exception�of�the�cantilevered�area,�highlighted�in�blue.�

�
� There�are�several�options�which�will�be�analyzed�for�achieving�this�cantilever,�such�as�a�
hanging�structure,�moment�connections,�or�continuous�girders.�The�best�option�will�be�picked�
by�a�rough�cost�estimate�of�the�different�systems.�

� �
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Special�Bay�

� It�is�assumed�that�laboratories�on�each�floor�will�contain�especially�sensitive�lab�
equipment�that�needs�to�be�designed�for�vibration�control.�Design�Guide�11�will�be�used�to�
perform�a�hand�calculation�of�the�structure’s�suitability�for�minimizing�walking�vibrations�
affecting�sensitive�equipment.�This�calculation�will�determine�the�type�of�equipment�can�be�
placed�within�the�MHSC’s�laboratories.�

Lateral�System�

The�increased�building�height�will�require�a�close�look�at�the�building’s�lateral�system�in�
both�directions.�The�existing�braced�frames�in�the�E�W�direction�will�have�to�be�redesigned�to�
meet�the�higher�building�loads,�while�the�moment�frames�in�the�N�S�direction�will�be�
redesigned�as�braced�frames�with�the�hope�of�increasing�the�design’s�efficiency,�which�will�be�
determine�by�a�comparison�of�takeoff�data�taken�from�the�original�and�new�design.�The�
following�image�shows�the�existing�frames�and�locations,�with�changes�in�the�design�described�
in�the�Structural�Breadth�section.�

The�design�of�this�system�will�be�accomplished�by�reanalyzing�the�already�determined�
wind�and�seismic�loads�calculated�through�the�ASCE�2007�design�code.�Next,�the�frames�will�be�
modeled�and�analyzed�using�RAM�structural�system.�Hand�checks�and�a�comparison�with�
another�modeling�program,�STAAD,�will�be�performed�to�verify�the�accuracy�of�results.�

�
�
Gravity�System�
� Although�the�focus�of�this�report�relies�on�analyzing�the�lateral�system,�a�basic�design�of�
the�gravity�system�will�be�done�as�well.�RAM�will�be�used�to�size�the�structure’s�columns�for�
both�the�original�and�new�designs.�After�verification�with�hand�spot�checks,�these�two�designs�
will�be�used�to�obtain�takeoff�data�to�compare�the�systems�and�determine�the�efficiency�and�
relative�cost�of�the�addition.��
�
�
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Green�Roof�
�

The�green�roof�feasibility�study�will�look�into�the�application�of�intensive�green�roofs�to�
most�of�the�building’s�roof�surfaces�–�see�image�below����with�the�4th�floor�roof�over�the�library�
designated�as�an�extensive�green�roof�garden�for�building�occupant�use.�This�would�result�in�
approximately�1400sf�of�usable�space�and�4800sf�of�green�roof�area.�The�soil�thickness�would�
be�thicker�in�the�garden�area,�but�the�basic�construction�of�the�two�systems�is�similar�(see�
below,�right).��

The�garden�will�insure�an�enduring�green�space�for�the�medical�campus�community,�
while�the�green�roof�will�also�benefits�such�as�a�higher�R�value�for�thermal�insulation,�a�
reduction�in�the�heat�island�effect,�cleaner�runoff�water,�and�reduced�runoff�volume.��

The�green�roof�will�require�a�redesign�of�the�affected�structural�system,�especially�the�
system�supporting�the�garden�area,�which�will�have�a�new�100psf�live�load.��

These�structural�changes,�as�well�the�costs�of�purchasing�the�more�expensive�green�roof�
system�will�result�in�higher�first�costs�for�the�project,�which�can�be�overcome�by�long�term�
benefits�in�energy�and�storm�water�treatment.�Unfortunately�a�complete�analysis�would�require�
extensive�thermal�modeling�which�is�not�included�in�the�scope�of�this�project;�however,�an�
initial�cost�estimate�can�begin�to�provide�quantification�for�the�pros�and�cons�of�this�system.�

��

�
�

�

� �
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Building�Information� � � � �

Original�Design:��Architecture�Overview� � �
�
The�Temple�University�Multipurpose�Health�Science�

Center�is�a�new�480,000�square�foot,�$150�million�addition�to�
Temple�University’s�medical�campus�north�of�Center�City�
Philadelphia,�Pennsylvania.�The�13�story�steel�frame�building�
contains�offices,�a�café,�a�large�library�(building�area�8),�and�
three�level�atrium�(area�10)�with�spaces�primarily�allocated�to�
laboratories,�classrooms,�and�their�support�facilities.�The�
architectural�features�are�governed�by�the�concept�of�
expressing�internal�functions�externally,�where�the�curved�glass�
façade�of�the�east�elevation�indicating�the�office�areas�(area�5)�
with�the�brick�curtain�wall�rectangle�behind�it�expressing�the�
laboratories�and�classrooms�(area�1�and�2),�and�the�oval�tower�
expressing�student�meeting�and�studying�spaces.�Built�on�a�
previous�parking�lot,�the�steel�framed�building�will�connect�to�
an�existing�building�via�a�bridge�and�tunnel.��
�

Original�Design:�Structural�Description� � �

Original�Design:�Foundations��
�

The�geotechnical�survey�justified�a�hybrid�foundation�
system�for�the�site,�consisting�of�40%�footings�and�60%�caissons�
which�terminate�at�solid�bedrock,�present�at�30’�to�50’�depths.�
The�upper�layer�of�soil,�between�19’to�35’,�consists�of�medium�
to�very�compact�micaceous�silty�fines�to�coarse�sands�and�
varying�gravel.�Deeper�soils,�between�24’�to�50’,�consist�of�more�
compact�micaceous�silty�fines�to�coarse�sands�and�gravel�with�
borings�terminating�at�intact�mica�bedrock.�The�building’s�

excavation�is�between�78’�to�83’�with�street�level�at�
approximately�100’,�placing�the�majority�of�the�foundation�
between�these�two�layers.��

Building�Areas�
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The�expected�column�loadings�are�around�3,100�kips�for�the�braced�frame�columns�and�
about�1,000�kips�for�the�majority�of�the�columns.�The�higher�bearing�capacity�of�the�lower�layer�
of�soil�coupled�with�the�required�bearing�of�the�capacity�of�the�columns�justified�a�hybrid�
system�with�braced�frame�columns�resting�on�caissons.�

The�concrete�used�is�28�day,�normal�weight�concrete�at�f’c=4000�psi�for�most�areas,�
with�the�primary�exception�being�concrete�exposed�to�weather�for�example,�the�truck�ramp��
which�should�be�air�entrained,�normal�weight�at�f’c=5000.�Reinforcing�is�grade�60.�

� Slab�

The�typical�basement�slab�consists�6”�
of�concrete�over�a�vapor�barrier�and�4”�of�
crushed�stone,�with�6”x6”�W4.0xW4.0�WWF.�
The�primary�areas�where�exceptions�occur�
are�underneath�the�library,�mechanical�and�
electrical�equipment,�the�loading�docks,�and�
areas�underneath�the�auditorium.�Slab�
thicknesses�in�these�areas�are�either�8”�or�
12”.�

Footings�

The�shallow�foundation�system�consists�of�steel�columns�sitting�on�concrete�piers�and�
footings,�which�are�connected�by�grade�beams.�Footing�thickness�ranges�from�1’4”�to�4’4”,�with�
most�in�the�1’10”�to�2’4”�range.�Sizes�generally�range�from�4’x4’�to�9’x9’.�

Caissons�

The�deep�foundation�system�consists�of�steel�columns�sitting�on�concrete�piers,�caps�
and�caissons.�Sixty�six�of�the�one�hundred�thirteen�basement�columns�rest�on�these�caissons,�
which�vary�in�diameter�from�36”�to�96”.�The�top�of�the�basement�slab�is�at�either�78’�or�83’�
elevation,�with�caisson�estimated�bearing�elevations�ranging�between�45’�to�70’,�with�the�most�
around�60’.�

�

� �

View�of�structural�systems
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Original�Design:�Columns��

� The�framing�system�consists�primarily�of�ASTM�A992�Grade�50�rolled�W�shapes�with�
depths�of�12”�and�14”.�There�are�several�10”�deep�W�shapes�in�the�basement�through�fourth�
floors�and�some�HSS�shapes�in�the�auditorium.�Sizes�vary�greatly�with�upper�floor�columns�in�
the�100�120lb�range,�and�lower�floor�columns�in�the�200lb�range.�The�columns�are�spliced�4’�
above�floor�level�and�span�two�floors�with�lengths�typically�at�25’�to�30’.��

�
Original�Design:�Floor�System��������

Slabs�are�typically�2.5”,�f’c=4,000�psi,�NWC�on�3”deep,�20�gage,�galvanized�composite�
steel�deck,�with�6x6�W2.9xW2.9�WWF.�Decking�is�applied�perpendicular�to�beams�and�parallel�
to�girder.�The�primary�exception�is�penthouse�mezzanine�and�roof�level,�where�the�slab�is�
thinner.��

Bay�sizes�are�typically�approximately�30’x30’,�with�special�framing�required�to�complete�
the�curved�façade�and�tower�areas.��Girders�and�beams�are�typically�W24’s,�but�vary�
considerably�from�one�framing�area�to�another�(see�description�on�page�12).�The�floor�system�is�
composite�with�approximately�one�stud�per�foot�and�is�designed�to�be�un�shored�during�
construction.��

This�building�also�has�three�transfer�trusses�which�take�column�point�loads�from�above�
and�redistribute�them�to�offset�columns�at�a�lower�level.�Two�of�these�trusses�are�located�
between�the�first�and�second�floors,�are�15’4”�deep,�and�span�46.5’�in�order�to�clear�space�for�
the�loading�dock�below.�A�third�truss�is�located�between�the�5th�and�6th�floors,�is�14’8”�deep,�
and�spans�62’�in�order�to�relocate�columns�for�corridors�on�lower�levels.�
�

Original�Design:�Lateral�System�� � � �������
�

Due�to�the�slender�shape�of�the�building�lateral�resistance�is�primarily�needed�in�the�
East�West�direction�(see�image�below).�This�resistance�is�provided�by�four�sets�of�concentric�
braced�frames�which�run�the�full�height�of�the�building.�A�review�of�detailed�drawings�of�the�
connections�did�not�indicate�the�use�of�moment�connections,�indicating�regulary�braced�
frames.�The�vertical�members�range�from�W14x109�at�the�top�to�W14x550�at�the�bottom.�
Horizontal�members�are�typically�W24x55�but�range�from�W21x44�to�W27x161.�Diagonal�
members�range�from�W10x49�within�the�upper�four�floors�to�W12x190�at�the�bottom.�All�of�
these�frames�are�supported�by�caissons.�
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North�South�wind�loads�are�taken�by�moment�frames�running�along�the�length�of�the�
building�(see�images�below)�and�are�also�supported�by�caissons.�Secondary�North�South�brace�
appear�at�the�penthouse�levels,�with�an�additional�set�of�secondary�moment�frames�appearing�
along�the�first�and�second�floor�library�façade.��

�

�

�Tower�Levels�Typical�Framing�Plan

First�Floor�Framing�Plan
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�[ARCHITECTURAL�BREADTH]�
Introduction�–�Schematic�Design�–�Design�Development�–�Life�Safety�Check�–�Conclusions�
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Introduction� � � � � �

The�Multipurpose�Health�Science�Center�
(MHSC)�benefits�from�its�urban�location,�incorporation�
to�the�Temple�University�medical�campus,�and�
proximity�to�downtown�Philadelphia.�Unfortunately,�
this�location�comes�with�a�lack�of�green�space�and�
minimal�room�to�expand�facilities.�Considering�the�
constant�need�for�university�expansion,�Temple�
University�has�expressed�the�need�for�design�services�in�
determining�the�feasibility�of�adding�to�the�existing�
MHSC�design.�

After�reanalyzing�their�needs,�the�university�has�decided�to�investigate�the�addition�of�at�
least�120,000�SF�of�laboratory,�classroom,�and�office�space�to�the�existing�MHSC�design.�It�has�
been�decided�that�the�best�way�to�expand�is�vertically�since�the�local�zoning�is�C3,�which�does�
not�limit�building�heights.�Vertical�expansion�is�certainly�the�best�option�considering�the�
constriction�of�surrounding�residential�neighborhoods�and�the�Temple�Campus,�as�well�as�the�
desire�to�maintain�the�green�space�available�with�the�current�design.�They�have�also�requested�
an�investigation�into�the�addition�of�a�green�roof�and�garden�to�increase�the�availability�of�
green�space�to�the�building�occupants,�as�well�as�the�medical�campus�community.�

These�programmatic�requirements�are�met�through�the�design�outlined�in�the�
Architectural�Breadth�section,�with�the�green�roof�requirements�analyzed�and�designed�in�the�
Green�Roof�Breadth�section.�The�goal�is�to�create�a�design�which�will�meet�the�new�
programming�requirements,�while�using�the�following�technical�and�creative�guidelines:��

�

� Consider�the�scale�of�the�surrounding�site�and�neighborhood.�

� Consider�the�original�design’s�massing,�programming,�cladding,�and�preexisting�design�
philosophy.�

� Check�life�safety�and�egress�requirements�per�the�IBC�2006.�

� Optimize�the�design�to�create�the�most�efficient�structural�system.�

These�goals�will�then�be�applied�and�developed�to�a�schematic�design�for�the�building�
addition,�with�a�focus�on�massing�and�fulfilling�basic�program�requirements.�Once�these�criteria�
have�been�met,�the�design�will�be�refined�to�optimize�structural�considerations�and�create�more�
detailed�floor�plans,�and�framing�layouts.�Lastly,�the�life�safety�and�egress�requirements�will�be�
checked.�
�



Temple�University�
Multipurpose�Health�Science�Center�

–�Michael�Wiegmann�–�
Thesis�Proposal�–�Structural��

�

19�|�P a g e �
�

Schematic�Design� � � � �
�
� Three�key�areas�will�have�the�largest�affect�on�the�
schematic�design:�the�surrounding�site�and�neighborhood,�the�
preexisting�design�philosophy�and�meeting�the�program�
requirements.�
� The�building�site�is�currently�a�parking�lot�wedged�
between�residential�neighborhoods�and�Temple’s�medical�
campus,�the�former�consisting�of�low�rise�row�homes�and�the�
latter�of�mid�rise�university�buildings.�The�aerial�image�of�the�site�
combined�with�the�medical�campus�map�gives�a�sense�of�the�
horizontal�scale�of�the�site,�while�the�images�of�campus�and�
surrounding�residential�buildings�give�a�sense�of�vertical�scale�
(right,�and�below).�It�is�important�to�address�these�issues�in�
building’s�massing,�which�the�original�does�by�stepping�back�the�
façade�plane�from�the�street�edge�at�the�4th�and�12th�levels,�as�
demonstrated�by�the�image�on�the�following�page.��
� The�second�issue�to�take�into�consideration�is�the�
preexisting�design�philosophy,�which�is�the�idea�of�expressing�
interior�functions�externally.�This�is�accomplished�with�massing�
and�materials.�For�example,�areas�1�and�2�of�the�tower�section�
labeled�below�contain�laboratories�which�are�externally�clad�in�
brick,�3�and�4�are�stairwells�which�jut�out�of�the�structure,�and�the�
office�space�of�area�5�is�expressed�by�the�geometry�and�glass�
cladding�of�the�curved�façade.�

�

Residential�buildings,�above�–�
Campus�buildings�below.�

Campus�map�left�� Aerial�photograph,�right�
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� Lastly�and�most�importantly,�the�
additional�programming�requirements�need�to�be�
met�for�the�owner,�who�has�specified�a�need�for�
approximately�100,000�additional�square�feet�to�
the�original�480,000.�The�floor�area�of�the�typical�
tower�level�depicted�on�the�previous�page�is�
approximately�28000�SF.�With�approximately�
4260�square�feet�of�this�dedicated�to�corridors,�
stairwells,�and�elevators,�the�design�obtains�85%�
efficiency�in�its�layout,�where�efficiency�is�defined�
as�the�ratio�of�non�rentable�square�footage�to�
rentable�square�footage.�A�good�rule�of�thumb�
for�adequate�efficiency�is�80%.�This�square�
footage�is�the�maximum�for�each�level�added�to�
the�building�and�will�control�the�number�of�levels�
added�to�the�building.��

These�footage�requirements�combined�
with�the�consideration�of�stepping�back�the�
façade�and�the�philosophy�of�expressing�interior�
functions�externally�are�the�guiding�principles�for�
the�massing�and�basic�plan�for�the�building.��If�the�
existing�plan�is�utilized�for�an�additional�five�levels�
without�taking�the�other�guiding�principles�into�
account,�118,700�SF�of�rentable�space�is�obtained,�

which�is�a�bit�over�the�specified�area.�However,�it�
is�proposed�to�continue�the�step�back�pattern�by�
stretching�the�tower�section�vertically�while�
excluding�the�curved�front�façade�(see�image�
below).�This�concept�also�fulfills�the�guiding�
design�philosophy�of�expressing�internal�function�
externally,�since�the�stairwell�section�and�
primary�lab�spaces�are�clad�in�brick�and�are�
geometrically�separated�from�the�other�areas.��
The�new�floor�area�is�smaller�at�25,200�SF,�with�
20,940�SF�of�that�total�space�rentable.�This�yields�
a�total�rentable�square�footage�of�104,675�SF�at�
83%�efficiency.��

Images�top�to�bottom:�Original�design�rendering�(image�
from�Temple’s�website),�original�design�mass�model,�new�
design�mass�model,�comparison�of�step�backs�with�the�
new�design�on�the�right.��
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Design�Development� � � � �

� �
Once�the�basic�massing�and�planning�criteria�were�met,�the�design�was�further�

developed�to�create�more�detailed�floor�plans,�framing�layouts�and�cladding�choices,�as�well�as�
optimize�structural�layouts.�

A�typical�tower�layout�appears�below,�with�laboratories�labeled�in�blue,�corridors�and�
stairwells�in�yellow,�office�spaces�in�red,�and�building�areas�that�are�below�in�gray.�The�massing�
of�the�addition�calls�for�the�vertical�continuation�of�the�floor�area�without�the�curved�façade,�
which�encompasses�the�laboratory,�stairwells�and�corridor�areas.�Although�this�does�not�
include�extra�office�area,�it�is�important�to�note�specific�tenant�fit�out�and�interior�designs�were�
not�within�the�scope�of�this�project;�therefore�it�is�acceptable�to�use�a�modified�form�of�the�
existing�space�design�to�furnish�a�typical�floor�layout�for�the�addition�levels,�depicted�by�the�
new�typical�tower�floor�plan�on�the�following�page.�
�

�

�

� An�important�issue�for�designing�the�floor�layouts�was�the�consideration�of�the�
mechanical�system.�The�original�penthouse�still�remains�on�the�top�of�the�building,�with�the�five�
added�levels�inserted�at�the�old�penthouse�level,�here�creating�the�usable�floors�12�16.�The�new�
Penthouse�is�at�the�17th�floor�level.�All�five�of�the�additional�levels�could�be�used�as�laboratory�
space,�which�place�high�demands�on�heating,�cooling,�and�ventilation�capacities.�Since�all�of�the�
penthouse�space�already�has�HVAC�equipment�placed�there,�or�has�space�already�allocated�for�
future�required�equipment,�new�space�for�the�addition’s�HVAC�equipment�had�to�be�found.�A�
rough�estimate�of�the�square�footage�required�was�made�by�comparing�the�square�footage�

Original�typical�tower�floor�plan.�
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required�by�the�existing�HVAC�units�and�the�square�footage�serviced�by�those�units.�This�was�
then�compared�to�the�new�square�footage�added�to�the�building�to�obtain�a�rough�estimate�of�
the�square�footage�that�needed�to�be�allocated�to�equipment.�It�was�determined�that�each�of�
the�3�existing�AHU’s�use�640�SF�and�serve�5�existing�floors�of�laboratory�space;�therefore�
another�3�AHU’s�will�most�likely�be�needed.�The�blue�area�above�the�stairwell�on�the�left�part�of�
the�floor�plan�is�currently�a�break�out�space�of�700�SF�which�could�be�potentially�used�for�an�
HVAC�system�(see�are�boxed�in�red�on�the�layout�below).�The�structural�design�will�need�to�
account�for�the�increased�mechanical�equipment�loading�of�psf.�This�will�be�detailed�again�in�
the�Structural�Breadth�section.��

�
�
�

�
� The�specific�programming�design�came�hand�in�hand�with�an�analysis�of�the�existing�
structural�layout,�with�the�goal�of�minimizing�potential�negative�effects�that�a�change�in�
architectural�layout�would�have�on�the�strength�design�and�construction�process.�The�simplest�
way�to�achieve�this�was�to�maintain�the�existing�framing�geometries.�Had�this�been�done�
otherwise,�shifted�columns�would�require�special�structural�systems�like�transfer�trusses�to�deal�
with�the�shifted�load,�and�altering�beam�and�girder�layouts�would�have�increased�construction�
time.�These�would�add�time�and�money�to�the�project.�

Another�critical�issue�was�to�insure�that�the�addition�would�be�suitable�for�future�
laboratory�spaces�containing�sensitive�equipment�which�can�be�potentially�sensitive�to�
vibration�caused�by�walking�excitation.�Later,�in�the�Structural�Depth�section,�it�will�be�shown�
through�analysis�that�the�existing�system�is�indeed�suitable�for�most�types�of�laboratory�
equipment.�

New�typical�tower�floor�plan,�with�proposed�mechanical�area�boxed�in�red.
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Therefore,�the�floor�system�design�and�framing�layout�was�maintained�for�the�additional�
levels,�eliminating�potentially�large�cost�increases.�The�only�items�that�would�require�significant�
redesign�are�the�gravity�columns,�and�a�cantilevered�portion�of�the�framing�layout,�depicted�in�
blue�on�the�new�layout�on�the�following�page.�Several�choices�will�be�considered�in�designing�
this�area,�such�as�a�hanging�structure,�moment�connections,�or�continuous�girders.�The�best�
option�will�be�picked�by�a�rough�cost�estimate�of�the�different�systems,�outlined�in�the�
Structural�Breadth�section.��

�

�

�
�
�
� �

Above:�Original�gravity�framing�layout.�Below:�the�new�layout,�with�the�cantilevered�section�highlighted�in�blue.

Typical�floor�framing�system,�
with�composite�deck�
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Life�Safety�Check� � � � �
�
� A�critical�issue�in�any�design�is�to�meet�
the�egress�and�life�safety�requirements�for�
the�building.�The�MHSC�occupancy�type�is�
mixed�business�and�assembly�for�the�lower�
floors,�and�business�for�the�upper�floors,�
including�the�levels�of�the�building�addition.�
Egress�capacities�were�checked�using�the�
chapter�10�of�the�IBC�2006�to�insure�that�the�
building�addition�would�still�meet�the�life�
safety�requirements.�Exit�width�requirements�
are�determined�per�floor;�however,�the�final�
exit�width�must�be�sized�for�the�greatest�
occupancy�load.�

This�means�that�large�floor�area�and�
seating�capacity�of�the�existing�auditorium�
and�library�–a�total�occupancy�of�1285�
persons���at�the�second�story�controlled�the�
widths�of�egress�passageways�and�doors;�
however�exits�above�this�level�may�be�smaller�if�
the�occupancy�load�is�smaller.��

�The�existing�tower�levels�are�business�occupancy�with�a�square�footage�of�2800�SF,�
which�is�greater�than�the�addition�levels�which�are�25,200�SF,�so�the�existing�floor�layouts�
control�the�egress�capacity�requirements�above�the�base�level.�Table�1004.1.1�dictates�an�
occupancy�load�of�100SF�per�occupant;�therefore�the�existing�levels�have�280�occupants,�and�
the�new�levels�have�252�occupants.��

Since�the�added�and�existing�tower�level�occupancy�loads�are�less�than�500,�only�two�
exits�are�required�for�each�level�per�IBC�Table�1019.1�below.�This�means�that�having�two�exit�
stairwells�for�the�entire�section�is�sufficient�to�meet�egress�requirements.�

�

Occupancy�loads�given�by�the�MHSC�design�drawings.
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Conclusions� � � � � �

� The�goal�of�the�architectural�breadth�was�to�create�a�design�that�met�the�program�
requirements�while�taking�several�other�design�considerations�into�account.�The�schematic�
design�successfully�provided�the�programmatic�requirements�of�increased�square�footage�while�
taking�into�account�the�scale�of�the�neighborhood�and�Temple’s�campus.�Combined�with�the�
inclusion�of�the�design�philosophy�of�expressing�internal�functions�externally,�a�building�
massing�with�a�step�back�form�was�developed�which�accommodated�the�square�footage�
required.��

� This�massing�was�further�developed�into�detailed�architectural�and�structural�layouts�
which�met�the�80%�efficiency�rule�of�thumb,�optimized�the�structural�design,�and�took�special�
considerations�such�as�vibration�issues�and�mechanical�equipment�space�allocation�were�taken�
into�account.���

�� Lastly,�the�building’s�egress�loads�and�capacities�were�analyzed�using�the�IBC�2006�
requirements.�It�was�found�that�the�original�design�controlled�the�number�and�width�of�exits�
required;�therefore�eliminating�the�need�for�additional�life�safety�design,�and�insuring�the�well�
being�of�building�occupants.��
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�[GREEN�ROOF�BREADTH]�
Introduction�&�Goals�–�Schematic�Design�–�Roof�Cost�Estimate�
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Introduction�&�Goals� � � � �

The�great�urban�location�of�the�new�MHSC�comes�with�a�primary�shortcoming:�lack�of�
green�space.�The�building�site��depicted�to�the�right�is�cramped�between�Temple’s�campus�and�
the�surrounding�residential�neighborhoods�with�no�roof�for�green�expansion.�The�original�
decision�makers�of�the�original�design�had�the�foresight�to�include�green�space�on�the�ground�
level�for�the�new�building;�however�the�owner�has�expressed�a�new�interest�in�expanding�this�
green�space�and�has�requested�a�feasibility�study�into�the�addition�of�a�green�roof.��

�

�

�
� �
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The�green�roof�will�be�a�dual�intensive�and�extensive�system,�such�that�an�accessible�
garden�above�the�library�will�provide�usable�green�space,�containing�a�patio,�seating�area�and�
plantings�to�provide�reading�space�for�the�library�users.�This�1400sf�garden�will�sit�on�the�4th�
floor�roof.�Users�will�come�from�the�basement,�1st,�and�2nd�levels�to�the�roof�level�to�work�and�
study,�and�will�most�likely�use�the�elevators.�There�is�a�chance�that�2nd�level�users�will�use�the�S.�
Stairwell�as�well.�All�of�these�users�will�have�access�to�the�roof�through�doors�on�either�side�of�
the�oval�tower,�which�also�connect�to�the�4th�floor�corridor��

The�remaining�4800�sf�of�green�roof�areas�will�be�extensive�green�roofs�with�small�
plantings.��The�potential�benefits�include�to�a�higher�R�value�for�thermal�insulation,�a�reduction�
in�the�heat�island�effect,�cleaner�runoff�water,�and�reduced�runoff�volume.�A�Philadelphia�based�
green�roof�designer�and�contractor,�“Roofscapes,�Inc.,”�provides�an�example�of�the�type�of�
stormwater�runoff�reduction�offered�by�these�greens.�Even�the�thinnest�varieties,�such�as�a�
3.25”�roof�in�Reading,�Pennsylvania�sees�a�61%�attenuation�rate�of�runoff�for�a�2�year�rainfall�
event,�and�a�47%�percent��attenuation�rate�for�a�2�year�rainfall�event�

The�extensive�green�roof�areas,�located�throughout�the�building,�have�multiple�access�
points�along�the�roof�line.�

Unfortunately�a�complete�analysis�would�require�extensive�thermal�modeling,�long�term�
energy�usage�calculations�and�rainfall�analyses�which�are�not�included�in�the�scope�of�this�
project;�however,�an�initial�cost�estimate�can�begin�to�provide�quantification�for�the�pros�and�
cons�of�this�system.��

�

� ��

�
�

�
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Schematic�Design� � � � � �

The�4th�floor�library�addition�will�be�an�intensive�green�roof�garden,�with�approximately�
1400sf�of�usable�space.�The�system�picked�for�this�area�is�the�“Savanna”�system,�which�is�a�
green�roof�system�designated�by�a�Philadelphia�based�green�roof�designer�and�contractor,�
“Roofscapes,�Inc.”��This�type�of�roof�is�typically�4�6”�deep,�weighs�27�40�psf�when�saturated,�
and�supports�sedums,�meadow�grasses�and�meadow�perennials.�This�particular�project�will�use�
the�6”�version�to�allow�the�largest�possible�variety�and�size�of�plants.�A�section�of�the�system�is�
presented�below,�from�which�the�cost�estimate�is�based.�

� �
�
The�remaining�4800�sf�of�roof�areas�in�the�building�will�be�covered�with�the�“Flower�

Carpet”�system,�which�is�typically�3�5”�deep�with�a�saturated�weight�of�20�27psf.�This�roof�is�
meant�mostly�for�the�energy�and�runoff�benefits,�not�accessibility,�so�plant�varieties�are�limited�
to�sedums�and�small�herbs.��A�section�of�the�system�is�presented�below,�from�which�the�cost�
estimate�is�based.�Neither�of�these�roofs�require�irrigation.�

�
� �
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Roof�Cost�Estimate� � � � �

RS�Means�Assemblies,�and�RS�Means�Site�Work�&�Landscape�Cost�Data�were�used�to�
perform�a�cost�estimate�of�the�garden�roof�which�compares�the�cost�of�the�various�roof�
systems.�The�totals�show�that�the�cost�is�quite�significant�in�comparison�to�the�existing�roof�
system.�This�increase�is�primarily�controlled�by�the�sprigging�of�sedums�on�the�roof�which�needs�
to�be�done�for�both�systems;�however,�the�shallower�soil�depth,�lack�of�bigger�plantings,�and�
lack�of�landscaping�features�makes�the�extensive�green�roof�over�$10,000�dollars�cheaper�than�
the�intensive�green�roof.�The�total�cost�of�$49,871�for�the�intensive�green�roof�seems�like�a�
hefty�sum,�but�it�is�only�0.03%�of�the�total�$150�million�budget.�Considering�the�life�time�
aesthetic�benefits�and�reductions�in�storm�water�treatment�and�energy�bills,�this�addition�may�
be�well�worth�the�initial�high�cost.���

�

��
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Introduction� � � � � �

� The�addition�of�five�levels�to�the�MHSC�will�require�significant�changes�to�the�existing�
structural�system;�however�it�is�the�intent�of�the�designer�to�create�a�system�that�will�not�only�
meet�the�structural�design�criteria�established�by�the�architectural�program,�but�to�create�a�
design�that�is�efficient.�The�increased�size�of�the�building�will�result�in�significantly�higher�wind,�
seismic,�and�gravity�loading�for�which�the�entire�structural�system�will�have�to�be�reanalyzed�
and�redesigned.�These�loading�conditions�as�well�as�the�design�codes�governing�them�will�be�
discussed�immediately�following�this�section.�After�the�loading�conditions�are�described,�the�
lateral�and�gravity�system�redesign�results�and�vibration�check�analysis�for�the�appropriateness�
of�the�floor�system�for�sensitive�laboratory�equipment�will�be�presented.�
� The�first�goal�of�the�lateral�system�
design�is�to�redesign�the�EW�braced�frames�to�
handle�the�additional�loading,�and�to�do�so�in�a�
manner�that�will�not�heavily�increase�price.�The�
second�goal�is�to�replace�the�existing�NS�
moment�frames�with�braced�frames�to�achieve�
a�more�economical�design�for�the�framing�
system�in�this�direction.�The�process�for�this�
design�will�begin�with�the�creation�of�a�RAM�
structural�model.�After�the�structure�is�sized�for�
gravity�loading,�the�RAM�Frame�module�will�be�
used�to�size�the�lateral�frames�for�strength�and�
serviceability.�STAAD�will�be�used�to�confirm�
the�RAM�analysis,�and�hand�calculations�–
described�in�the�following�paragraphs���will�be�
used�to�double�check�both�of�those�results.��
� Once�the�frames�have�been�designed,�modeling�data�from�RAM,�as�well�as�the�MHSC�
design�specifications�will�be�used�to�perform�a�preliminary�lateral�foundation�design,�as�part�of�
the�lateral�analysis.�This�will�be�a�schematic�design�based�off�of�the�end�bearing�capacity.�These�
foundation�sizes�will�then�be�compared�to�the�original�design.�
� The�gravity�system�design�will�be�finalized�once�the�lateral�system�design�is�completed,�
with�results�based�off�of�the�RAM�model.�This�section�will�also�include�the�approach�used�to�
choose�the�framing�system�for�the�cantilevered�area�described�in�the�Architectural�Breadth�
section.�Hand�calculations�based�off�of�tributary�area�will�be�used�to�manually�verify�the�column�
sizes.�Another�form�of�verification�will�take�place�by�comparing�the�column�sizes�of�the�existing�
original�design,�the�modeled�original�design,�and�the�new�design.�This�comparison�will�make�
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evident�any�discrepancies�between�the�existing�original�design�and�the�computer�models,�and�
provide�a�check�for�the�validity�of�the�computer�models�results.��
� The�lateral�and�gravity�design�sections�will�contain�their�own�conclusion�section�
summarizing�findings�and�including�an�economics�analysis�which�compares�the�original�design�
to�the�new�design.�A�direct�comparison�can�be�done�of�the�two�designs,�even�if�there�is�a�slight�
discrepancy�between�the�computer�model�based�designs�and�the�existing�original�design.�This�is�
because�any�differences�that�occurred�between�the�modeling�and�the�existing�design�will�be�
present�in�both�of�the�modeled�designs.�
� The�final�step�will�be�to�perform�a�vibration�analysis�of�the�existing�floor�system.�The�
MHSC�contains�many�laboratory�spaces�with�sensitive�equipment,�which�may�not�function�
properly�when�exposed�to�vibrations�caused�by�walking�excitation.�The�Design�Guide�11�will�be�
used�to�perform�this�analysis�to�determine�the�suitability�of�the�floor�system�for�various�
laboratory�applications.����
� ��
�

� �
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Loads�&�Codes� � � � � �

Applicable�Codes� � � � � �

Below�are�listed�the�codes�used�by�the�original�designers.�

� IBC�2003�(Philadelphia�building�code)�

� ASCE7�02�

� Concrete:��
o ACI�318�“Building�Code�Requirements�for�Structural�Concrete”�
o ACI�316�“Manual�of�Standard�Practice�for�Detailing�Concrete�Structures”�
o ACI�301,�302,�304,�305,�306,�308,�311,�318,�347�

� Steel:��
o AISC�“Specifications�for�Design,�Fabrication�and�Erection�of�Structural�Steel�for�

Buildings”�
o AISC�“Code�of�Standard�Practice�for�Steel�Buildings�and�Bridges”�
o American�Welding�Society�(AWS)�D1.1�“Structural�Welding�Code�–�Steel.”�
o American�Welding�Society�(AWS)�D1.1�“Structural�Welding�Code�–�Steel.”�
o ASTM�A6�“�General�Requirements�for�Rolled�Steel�Plates,�Shapes,�Sheet�Piling,�and�

Bars�for�Structural�Use.”�
o ASTM�A325�“Specifications�for�Structural�Joints”��
o Steel�Deck�Institute�“Design�Manual�for�Composite�Decks,�Form�Decks,�and�Roof�

Decks”��
�

The�following�codes�and�design�guides�were�used�for�this�design:�

� IBC�2006�

� ASCE7�05�

� Steel�Design�Guide�Series�11:�Floor�Vibration�Due�to�Human�Activity�

� United�Steel�Deck��design�manual�and�catalog�of�products�

� AISC�Steel�Construction�Manual�

� RS�Means�Site�Work�&�Landscape�Cost�Data�

� RS�Means�Assemblies�Cost�Data�
�

��
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Live�&�Dead�Loads� � � � � �

The�loads�in�the�following�tables�were�determined�by�
reviewing�the�building�documents�and�noting�the�loads�used�by�
the�original�designers,�who�based�their�loading�off�of�the�IBC�
2003,�the�adopted�building�code�of�Philadelphia,�Pennsylvania.�
Most�areas�in�the�building�used�the�office�corridor�loading,�most�
likely�to�cover�the�demands�of�heavier�lab�equipment�and�
furnishings.�The�150psf�penthouse�loading�is�appropriate�to�
cover�the�weight�of�mechanical�equipment.��

� Design�dead�loads�were�not�presented�in�the�building�
documents,�so�several�references�were�used�to�make�
assumptions.�This�loading�was�then�used�for�determining�
building�weight�for�seismic�calculations.��The�member�loads�
were�determined�by�taking�the�average�unit�weights�of�
members�in�a�typical�bay�and�dividing�by�that�bay’s�area,�while�
the�United�Steel�Deck�design�manual�gave�the�decking�load.�MEP�
dead�loads�are�often�taken�to�be�15�psf,�but�research�into�ASCE�
7�05�Minimum�Design�Dead�Loads�and�material�unit�weights�for�
plumbing�determined�that�20�psf�would�be�a�more�appropriate�
number�for�a�building�dominated�by�laboratory�space.��
� Once�the�intensive�and�extensive�green�roof�systems�were�picked,�unit�weights�for�the�two�
systems�based�off�of�maximum�saturated�soil�conditions�were�determined�by�reviewing�specification�
information�provided�by�a�Philadelphia�green�roof�designer,�Roofscapes,�Inc.�(www.roofmeadow.com).�
These�unit�weights�are�used�for�the�dead�loads,�while�the�IBC�2006�requires�for�a�20psf�live�load�for�
roofs�(including�landscaped�roofs);�however�the�original�design�documents�call�for�30�psf�live�load�roof�
loading,�which�was�the�controlling�number�used�for�the�redesign.�Below�is�a�summary�of�the�loading�for�
the�two�green�roof�types:�

� Intensive�green�roof:�
o 100�psf�assembly�live�load�
o 40�psf�green�roof�dead�load�

� Extensive�green�roof:�
o 30�psf�live�load�prescribed�by�building�documents�(IBC�specifies�20�psf�for�landscaped�

roofs)�
o 40�psf�green�roof�dead�load�

�
� �
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Wind�Loads� � � � � � �
�
� Wind�lateral�loads�were�based�off�of�the�ASCE7�05�6.5�Analytical�Procedure.�Basic�
assumptions�about�the�building�and�site���listed�below��were�used�to�determine�the�gust�factor�
Gf,�velocity�pressure�qz,�and�final�design�wind�pressures�as�seen�in�the�table�below�and�the�wind�
diagram�on�the�following�page.�The�large�seating�capacity�of�the�library�exceeding�300�persons�
resulted�in�the�higher�occupancy�III�classification,�which�resulted�in�the�1.15�importance�factor.�
The�gust�factor�value�essentially�did�not�change�(compared�to�the�original�.803�value),�when�
comparing�the�wind�calculations�for�the�new�versus�the�original�design,��

Distribution�was�accomplished�by�taking�the�wind�pressures�at�each�level�and�the�
respective�portion�of�the�individual�story�height�affected�by�the�wind�pressure�and�multiplying�
the�length�of�the�floor�level�to�obtain�a�story�shear.�Lastly�the�individual�story�shears�were�
summed�to�obtain�a�base�shear�(See�page�following�the�wind�diagram).�These�values�were�
directly�imputed�into�RAM�correctly�create�the�model�wind�loading�case,�in�other�words�the�
RAM�generated�wind�load�values�were�not�used.�

The�increased�surface�are�of�the�added�levels�significantly�increased�the�total�wind�load,�
resulting�much�higher�base�shears�than�the�original,�which�will�require�a�significant�redesign�of�
the�lateral�system.�The�base�shear�was�2322�kips�in�the�East�West�direction�to�the�large�area�of�
those�elevations�(1525�in�the�original�design),�while�the�base�shear�for�the�thinner�North�South�
direction�was�only�714�kips�(506�kips�in�the�original�design).�The�final�wind�pressure�calculation�
appears�in�the�table�below�next�to�the�guiding�assumptions;�however,�full�calculations�can�be�
found�in�the�appendix.�
�
Assumptions�
Basic�wind�speed� �� 90mph��
Exposure�category� �� B�
Importance�factor� �� 1.15�
Occupancy�type� �� III�
Topographic�factor� �� 1�
Gf� � � �� 0.802�
Cpi� � � �� ±0.18�
�
�
�
�
�
�
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Above:�Wind�loading�diagram�
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Above:�Detailed�calculations�for�story�shear�
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Seismic�Loads��� � � � � �
�

� The�ASCE7�05�code�was�used�to�investigate�the�seismic�loads�for�the�building�which�
were�expected�to�be�relatively�low,�given�the�building’s�location�in�Philadelphia,�Pennsylvania.�
The�Equivalent�lateral�Force�Procedure�(ASCE�12.8.2)�was�used�to�obtain�a�base�sheer�for�the�
building.�A�direct�comparison�with�the�original�structural�notes�within�the�design�documents�
was�not�possible�since�the�base�shear�was�not�indicated�in�the�notes�or�specifications;�however,�
the�notes�did�state�that�structural�system�was�not�specifically�detailed�for�seismic�loads.�It�also�
provided�various�seismic�data�which�were�used�for�this�analysis�including�the�site�class,�C,�and�
the�spectral�response�coefficients:�SDS=0.219,�SD1=0.068.��

Ordinary�steel�concentrically�braced�frames�were�used�to�determine�the�response�
modification�coefficient�R=3,�which�combined�with�the�site�class�C�did�not�limit�the�building�
height.��The�estimated�dead�weight�of�77.1psf�was�used�to�calculate�the�building�base�shear�of�
961�kips�which�is�a�smaller�base�shear�than�the�original�design’s�970�kips.�This�decrease�is�due�
to�the�greater�building�height,�which�increases�the�fundamental�period�T,�giving�a�lower�seismic�
response�coefficient�Cs.�

Below�appears�the�ASCE�equation�for�determining�the�vertical�distribution�of�seismic�
loads,�which�is�found�in�table�3,�of�the�Lateral�Force�Distribution�Section.�This�was�accomplished�
by�multiplying�the�base�shear�by�the�appropriate�Cvx,�which�is�a�function�of�floor�area,�height,�
building�weight,�and�the�seismic�response�coefficient.�Again,�the�higher�importance�factor�was�
used�due�to�the�seating�capacity�of�the�library,�which�exceeded�300�persons.�

�

�
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Load�Combinations� � � � � �
�
� The�following�IBC�2006�load�combinations�were�analyzed�using�RAM�Structural�System.�
The�second�and�third�groups�of�Load�combinations�had�the�most�significant�impact�on�the�
lateral�system,�while�the�bold�underlined�load�combinations�controlled.��

Per�IBC�2006�1607.9.1�live�load�reduction�was�not�utilized�for�the�most�part�in�the�
design,�since�reductions�are�not�allowed�for�loads�exceeding�100psf,�which�is�the�case�for�most�
areas�in�the�building.��
�
Eq�16�1���
1.4D�
Eq�16�2�
1.2D�+�1.6L�+�0.5Lr�

1.2D�+�1.6L�+�0.5S�

Eq�16�3�
1.2D�+�1.6Lr�±�0.8W�
1.2D�+�1.6S�±�0.8W�
Eq�16�4�
1.2D�+�1.6W�+�0.5Lr�
1.2D�+�1.6W�+�0.5S�
Eq�16�5�
1.2D�±�1.0E�
Eq�16�6�
0.9D�±�1.6W�
Eq�16�7�
0.9D�±�1.0E�

� �
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Lateral�Design� � � � � �

Goals� � � � � � � �

� The�first�goal�of�the�lateral�system�design�is�to�redesign�the�EW�braced�frames�to�handle�
the�additional�loading,�and�to�do�so�in�a�manner�that�will�not�heavily�increase�price.�The�second�
goal�is�to�replace�the�existing�NS�moment�frames�with�braced�frames�to�achieve�a�more�
economical�design�for�the�framing�system�in�this�direction.�Two�overarching�goals�guided�the�
design�of�both�systems:�Minimizing�the�frame�design’s�impact�on�architectural�planning�and�
aesthetics,�and�creating�the�most�efficient�design�possible.��

�
Design�Process� � � � � �
�

The�process�for�this�design�will�begin�with�the�creation�of�a�RAM�structural�model.�After�
the�structure�is�sized�for�gravity�loading,�the�RAM�Frame�module�will�be�used�to�size�the�lateral�
frames�for�first�for�strength�and�then�for�serviceability.�Afterwards�a�final�strength�check�within�
RAM�will�be�made.��

STAAD�will�be�used�to�confirm�the�RAM�analysis,�and�hand�calculations�will�be�used�to�
double�check�both�of�those�results.�Hand�calculations�based�off�of�tributary�area�will�be�used�to�
manually�verify�the�column�sizes�at�the�basement�level.�Another�form�of�verification�will�take�
place�by�comparing�the�column�sizes�of�the�existing�original�design,�the�modeled�original�
design,�and�the�new�design.�This�comparison�will�make�evident�any�discrepancies�between�the�
existing�original�design�and�the�computer�models,�and�provide�a�check�for�the�validity�of�the�
computer�models�results.�These�hand�calculations�depend�on�the�final�gravity�analysis,�and�will�
therefore�be�discussed�in�detail�in�that�section,�with�only�their�results�presented�in�the�Lateral�
Design�Section.�
� Once�the�frames�have�been�designed,�modeling�data�from�RAM,�as�well�as�the�MHSC�
design�specifications�will�be�used�to�perform�a�preliminary�lateral�foundation�design,�as�part�of�
the�lateral�analysis.�This�will�be�a�schematic�design�based�off�of�the�end�bearing�capacity.�These�
foundation�sizes�will�then�be�compared�to�the�original�design.�
� The�economical�analysis�consists�of�comparing�the�ratio�of�structural�system�tonnage�to�
square�footage�for�the�original�and�new�systems.�The�goals�is�to�keep�the�increase�in�the�ratio�
to�a�minimum,�in�order�to�support�the�owners�decision�to�add�to�the�existing�design�as�opposed�
to�constructing�a�new�building�to�meet�the�university’s�expansion�needs.�This�analysis�will�be�
summarized�with�the�findings�of�this�section,�the�gravity�design,�and�vibration�check�in�the�
conclusion�section�at�the�end�of�the�Structural�Breadth�section.�

�
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Schematic�Design� � � � � �

� The�first�step�in�the�design�process�was�to�determine�the�frame�geometries�and�
locations.�For�the�East�West�braced�frames,�this�merely�meant�continuing�the�framing�up�
vertically�with�chevron�bracing.�This�decision�was�possible�since�the�architectural�layout�of�the�
additional�floors�was�similar�to�the�existing�floors,�which�already�incorporated�chevron�bracing;�
therefore,�the�existing�frame�configuration�was�suitable�to�insure�no�conflict�with�floor�plan�
layouts.��

The�design�of�the�N�S�braced�frames,�which�replaced�the�preexisting�moment�frames,�
was�more�difficult�to�achieve.�This�required�a�schematic�calculation�for�determining�the�basic�
number�of�frames�required,�an�analysis�for�the�best�location�in�terms�of�architecture,�and�the�
design�of�the�bracing�geometry.��

A�schematic�calculation�was�used�to�get�a�rough�idea�of�the�number�of�frames�required�
to�resist�the�N�S�wind�loading.�This�was�accomplished�by�comparing�the�ratio�of�
�����������������������

 !"��#���!"$ �for�the�original�EW�frames�and�wind�loads,�to�the�new�NS�loads�to�

obtain�the�number�of�NS�frames�required.�Wind�loading�controlled�in�the�original�design,�so�
those�numbers�were�used�in�the�estimate�to�obtain�a�requirement�of�2.3�frames,�which�was�
simplified�to�2�frames�(see�calculation�below).�

%�&'�(������)��!$!"�#*
+%,%�-!.� / 0�����1��������)"� *

2+3�-!.� ��

With�the�number�of�frames�calculated�a�
suitable�location�had�to�be�determined�which�would�
minimize�stiffness�eccentricities�and�limit�
architectural�disruption.�Placing�the�two�frames�about�
the�elevator�core�(highlighted�in�blue�on�the�framing�
plan�on�the�next�page)�was�an�appropriate�location�
choice�because�the�symmetry�and�central�location�
would�insure�that�the�frame�location�and�geometry�
would�eliminate�torsional�issues.�Torsion�is�the�result�
of�eccentricity�between�the�centers�of�mass�and�
rigidity�which�can�result�in�additional�loading�on�the�
frame�structure,�resulting�in�a�bigger�design;�
however,�the�central�location�minimized�eccentricity,�
especially�in�the�tower�floors.�This�is�confirmed�by�the�
RAM�modeling�data�(presented�on�the�right),�which�is�
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discussed�in�greater�detail�later.�Torsion�is�also�affected�by�differences�in�stiffness,�but�the�
symmetrical�opening�of�the�elevator�core�allows�the�frames�to�have�the�same�geometry,�
insuring�similar�stiffness,�and�once�again�limiting�torsion.��

� The�actual�geometry�of�the�N�S�frame�was�determined�by�the�8’�length�of�elevator�core�
walls,�(highlighted�on�the�plan�on�the�previous�page)�and�the�highest�ceiling�height�of�8”10”�at�
the�frame�intersection.�These�dimensions�determined�the�brace�points�(see�frame�model�on�the�
following�page)�

�

�

�
Top:�Locations�of�braced�frames�in�typical�tower�level�framing�plan,�with�elevator�core�highlighted�in�blue.��
Below�left:�Elevator�core�detail�showing.��
Below�right:�Reflected�ceiling�plan�with�limiting�ceiling�heights.�
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Strength�Design� � � � � �

Creating�the�RAM�Model�

� RAM�structural�system�is�a�powerful�tool�because�with�one�model,�the�designer�has�the�
ability�to�complete�a�structural�design�for�a�variety�of�building�systems:�lateral,�gravity,�
foundation,�etc.�It�was�advantageous�to�use�RAM�to�design�these�systems�especially�since�the�
new�model�could�be�easily�derived�from�the�original,�avoiding�redundant�design�processes.��

Unfortunately,�a�black�box�analysis�can�create�the�dangerous�situation�where�the�
designer�inputs�data�without�knowing�how�the�program�uses�it.�Great�care�was�taken�to�
eliminate�this�possibility�by�attempting�to�faithfully�model�the�building,�clearly�define�
assumptions,�and�by�hand�calculating�loading.�

The�model�–�as�depicted�below�in�its�entirety�and�with�the�frames�emphasized��included�
accurately�modeled�composite�decking,�beams,�columns,�and�girders.��Large�floor�openings�and�
varying�load�conditions,�such�as�the�green�roof,�mechanical,�and�office�loads�were�also�modeled�
accurately.�The�wind�and�seismic�loading�calculations,�IBC�load�combinations,�and�live�load�
reduction�criteria�presented�earlier�in�the�Structural�Breadth�section�were�inputted�by�hand�
into�the�RAM�model.�RAM�was�not�used�to�automatically�generate�these�conditions.��Other�
criteria�that�were�important�to�specify�in�the�program�were�the�use�of�braced�connections,�
using�the�nomographs�to�determine�KL�values,�beam�and�brace�nodes�connected�to�the�rigid�
diaphragm,�and�the�inclusion�of�the�P�delta�effect�for�the�modeling.�

� �

Left:�The�entire�RAM�model.�Right:�The�braced�frames�only.�
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Strength�Design�

� The�first�set�of�design�iterations�with�the�RAM�model�focused�on�
obtaining�the�most�efficient�strength�design�as�possible.�In�most�cases,�
the�window�load�combination��
1.2D�+�1.6W�+�0.5Lr�controlled�the�strength�design.�The�first�step�was�to�
assign�member�sizes�to�the�frames.�RAM�does�not�automatically�design�
frame�elements,�so�gravity�analysis�results�were�used�to�assign�trial�
column�and�beam�sizes�for�the�frames,�while�an�oversized�members�
were�assigned�to�the�braces.�RAM�frame�was�then�used�to�analyze�the�
frames�for�strength.�Brace�strength�was�based�off�of�axial�forces�only,�
while�beams�and�columns�were�analyzed�according�the�interaction�
equations�(written�below)�for�combined�axial�and�flexural�loading.�In�
most�equations,�equation�H1�1a�controlled�the�column�design,�while�
equation�H1�1b�controlled�the�beam�design.��
� Equation�H1�1a:��

For�
45
46 7 89:�

� � �
45
46 ;
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Equation�H1�1b:��
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45
46 E 89:�
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�
The�percentage�of�the�strength�capacity�actually�used�by�the�

member�is�graphically�displayed�in�RAM,�with�dark�blue�indicating�an�
under�stressed�design,�and�red�indicating�a�design�which�fails�the�
interaction�equation�(See�image�on�right�and�on�next�page).�After�the�
strength�design�was�complete,�spot�checks�were�made�by�hand�by�
designing�the�member�in�question�using�Table�6�1�of�the�Steel�
Construction�manual,�and�the�member�loads�from�RAM.�The�results�
matched�the�model�and�confirmed�the�KL�criteria�used�in�RAM.�
�
�
�
�
�
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�Drift�Design�� � � � � � ��

� After�the�initial�strength�design�was�completed,�a�drift�analysis�was�done�to�check�
maximum�total�and�story�drift,�which�is�limited�to�H/400�=�267’/400�=�8.83”.�The�image�below�
clearly�shows�the�design�failing�for�E�W�wind�loading�with�11.8”�drift.�Multiple�design�iterations�
were�performed�in�an�attempt�to�decrease�drift�within�the�required�limit.�All�of�the�N�S�and�E�W�
frame�member�sizes�were�initially�increased�to�reach�this�goal,�with�iterations�afterwards�
focusing�on�controlling�the�E�W�drift;�however,�after�dozens�of�iterations,�drift�was�still�too�
large,�despite�drastic�increases�in�member�sizes.�At�this�point,�STAAD�was�used�to�verify�the�
accuracy�of�the�RAM�model.�

�

Deflected�shape�of�strength�designed�model�

It�was�assumed�that�some�error�within�the�RAM�model�was�causing�the�continuously�too�
high�drifts.�The�table�below�shows�the�comparison�procedure�of�a�typical�E�W�frame,�with�drift�
limits�set�by�the�IBC�2006�code�compared�to�the�RAM�model’s�drift,�and�the�STAAD�frame’s�
drift.�(The�final�model,�which�was�within�the�drift�requirements,�is�included�in�the�table�as�well.)�
The�RAM�story�drift�was�used�instead�of�the�RAM�frame�drift�to�provide�a�more�average�drift�
value�to�compare�the�STAAD�data�to.�Also,�two�sets�of�STAAD�models�were�made�to�compare�to�
the�RAM�model.�“STAAD�Model�37”�utilized�the�frame�shear�calculated�by�RAM,�which�uses�the�
relative�stiffness�method�to�distribute�the�loading.��“STAAD�Model�37mod”�used�the�hand�
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calculated�story�wind�shears�(see�table�in�wind�loading�section),�assuming�that�the�loads�were�
evenly�distributed�to�each�of�the�E�W�frames.�The�advantage�of�using�both�of�these�STAAD�
models�for�comparison�was�that�the�potential�error�in�one�balanced�out�the�error�in�the�other.�
“Model�37”�would�take�eccentricity�into�account�but�would�have�the�potential�RAM�error�
embedded�in�shear�story�loads�leading�to�an�inaccurate�design.�“Model�37mod”�on�the�other�
hand,�may�incorrectly�assume�that�there�is�no�eccentricity�in�the�building,�but�would�insure�that�
no�internal�RAM�modeling�error�was�corrupting�the�output.��

�

� It�was�assumed�that�some�error�within�the�RAM�model�was�causing�the�continuously�too�
high�drifts;�however,�the�STAAD�model�actually�confirmed�the�RAM�results�within�10%.�The�
STAAD�model�results�show�that�under�the�two�load�conditions,�the�frame�fails�story�drift�at�the�
3rd�level,�and�total�drift�at�the�10th�level,�whereas�the�RAM�model�fails�at�the�6th�and�16th�
respectively.�This�provides�two�conclusions:��

1) The�RAM�model�is�for�the�most�part�working�correctly�and�the�frame�members�sizes�
need�to�be�increased.�The�model�can�be�trusted.�

2) This�confirms�that�some�sort�of�torsional�issue�is�causing�the�frame�drift�failure.��

Judging�from�the�second�conclusion,�it�is�likely�that�the�N�S�frames�are�strongly�affecting�
the�relative�stiffness�of�the�floor,�especially�since�their�column�strong�axes�are�oriented�for�N�S�
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loading�instead�of�E�W.�A�summarization�of�floor�eccentricities�(appearing�in�the�conclusion�
section)�for�the�final�design�confirmed�that�significant�eccentricity�of�approximately�6’�to12’�
were�causing�torsional�issues,�which�were�not�resolved�until�the�N�S�frames�were�designed.��

� With�this�new�knowledge,�
several�design�iterations�were�
performed�on�the�N�S�frames�
within�RAM.�The�sizes�of�the�N�S�
members�were�drastically�
increased�until�the�N�S�drift�
was�under�control.�Once�this�
point�was�reached,�the�N�S�
frames�had�become�stiff�
enough�to�minimize�torsion�
effects�and�to�allow�a�
reduction�in�the�E�W�frame�
member�sizes.�It�was�then�
evident�that�the�design�was�
controlled�by�the�N�S�frames�

�

� The�lateral�system�underwent�a�final�strength�check�after�the�
N�S�frames�and�E�W�frames�went�through�final�drift�design�iteration.�
At�this�point�the�design�remained�for�the�most�part�unchanged;�
however�some�members�did�need�resizing,�especially�at�the�base.�
The�finalized�strength�check�for�the�entire�lateral�system�is�presented�
below�and�a�diagram�including�member�sizes�of�the�final�N�S�and�E�W�
typical�frames�are�presented�on�the�next�page�along�with�a�typical�E�
W�frame�from�the�original�existing�diagram.��

� �
Right:�STAAD�“Model�37�
mod”�drift�diagram,�with�
total�drift�=�9.89”�
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Above:�Strength�check�of�
final�design�
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From�left�to�right:��
New�N�S�Braced�Frame,�
New�E�W�Braced�Frame,��
Original�E�W�braced�Frame,�
Detail�of�Original�Braced�Frame�

�

�
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Verification� � � � � � �

� Although�the�STAAD�analysis�has�already�determined�that�the�RAM�model�is�accurate,�a�
final�manual�verification�is�important�to�check�the�relative�reasonableness�of�the�new�design.�
The�final�manual�verification�comes�from�a�comparison�of�the�size�of�the�framing�systems�
depicted�on�the�previous�page�and�the�column�check�which�is�conduted�in�the�Gravity�Design�
section.�

�� �As�seen�on�the�previous�page,�most�of�the�E�W�frame�member�sizes�increased�but�
remained�in�a�similar�range�as�in�the�existing�original�design.�This�indicates�that�the�new�E�W�
framing�system�is�a�reasonable�design.�The�N�S�frames�are�also�a�reasonable�design�considering�
the�amount�of�loading�they�must�carry,�even�if�the�design�proves�to�be�inefficient�over�the�
original�moment�frames;�however�the�final�
sizing�does�make�sense.��

� The�clumn�check�appearing�to�the�
right�provides�another�means�of�comparing�
the�design.�The�check�compares�the�
basement�column�capacities�of�the�original�
design�RAM�model�and�the�new�design�
RAM�model.�This�comparison�is�described�
in�detail�in�the�gravity�section,�but�it�is�
helpful�to�point�out�here�that�all�the�
columns�which�were�part�of�the�original�
lateral�frame�system�in�the�orignal�and�new�
designs�went�up�in�size.�Those�columns�
which�were�part�of�the�moment�frame�
originally�but�are�now�simply�gravity�
columns�with�the�new�design�actually�went�
down�in�size,�which�makes�sense�since�they�
are�carrying�mostly�axial�loads�in�the�new�
gravity�condition�as�oposed�to�axial�and�
flexural�loads�in�the�original�moment�frame�
condition.��

�

� �
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Frame�Foundations� � � � � �

� A�basic�foundation�analysis�was�performed�to�more�fully�
investigate�the�impacts�on�the�lateral�structual�system�caused�by�
the�increased�bulding�size�and�changing�of�N�S�lateral�system�type.�
The�framing�foundation�system�consists�of�caisons�which�reach�
bedrock�approximately�30’�to�50’�below�grade.�This�type�of�
foundation�system�relies�primarily�on�the�bearing�capacity�of�the�
soil�or�bedrock.�In�the�case�of�the�MHSC,�the�intact�mica�bedrock�
provides�60,000psf�bearing�capacity.��

� The�foundations�were�designed�by�taking�into�account�the�axial�and�flexural�loading�
determined�through�the�RAM�model.�Story�drift�causes�a�small�eccentricity�in�the�application�of�
the�axial�loads,�which�combines�with�the�column�flexural�loads�and�cross�sectional�area�to�
create�a�stresss�distribution,�as�depicted�above.�This�stress�distribution�must�be�less�than�the�
total�allowed�bearing�capacitiy,�as�shown�in�the�equation�below.��

F� 7 GHI ;
H J K J L
M N ;�OP J LM Q�

� The�spread�sheets�below�were�created�so�that�trial�caisson�diameters�could�be�inputted.�
Using�the�above�equation,�the�spread�sheet�is�designed�to�output�the�resulting�bearing�stress,�
which�is�compared�to�the�limiting�bearing�stress.��Lastly,�the�resulting�caisson�sizes�were�
compared�with�the�orginal�design.�

�
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Lateral�Conclusions�&�Economics�Analysis�

Economics�Analysis�

�� An�economic�analysis�can�be�performed�between�the�new�and�original�systems�by�
comparing�the�unit�cost�of�the�two�design�and�by�determining�the�percent�increase�in�cost.�Cost�
is�expressed�in�tonage�of�steel�required;�therefore�the�unit�cost�is�the�ratio�of�steel�weight�to�
square�footage.�Although�a�full�cost�breakdown�of�the�$150�million�MHSC�project�would�be�
more�accurate,�this�approach�provides�a�rough�estimate�in�determining�the�efficiency�and�
effectiveness�of�the�new�system.�The�table�
on�the�right�lists�square�footages�and�unit�
weights�per�each�level,�the�resulting�%�
increase�in�price,�and�the�totals�for�theses�
items.�After�reviewing�this�chart,�it�quickly�
becomes�apparent�that�the�design�saves�
money.�Most�of�the�floors�saw�a�decrease�
in�unit�weight,�bringing�the�total�%�increase�
in�floor�area�cost�to��6%.�This�is�especially�
impressive�when�one�considers�that�the�
floor�area�increased�by�27%.��

It�is�important�to�note�that�this�
estimate,�which�is�based�off�of�tonnage,�
does�not�take�into�account�the�cost�of�
connections.�The�cost�of�a�moment�
connection�can�be�estimated�by�multiplying�
the�joint�penetration�weld�costs�of�
approximately�1.6�lb/ft�with�the�average�of�
2.5�ft�of�welding�required�for�a�typical�
Wx14,�which�results�in�4�lb�of�steel�per�moment�connection.�This�can�add�significant�costs�to�a�
building�like�the�original�MHSC�design,�where�moment�frames�run�along�the�entire�edge�of�the�
building.��Therefore,�this�lateral�system�cost�estimate�is�actually�conservative�and�greater�
savings�can�be�obtained.�It�is�clear�that�the�overall�design�is�a�cost�saving�approach�to�adding�
square�footage�to�the�building�program,�and�that�the�decision�to�change�the�moment�frames�to�
braced�frames�was�a�success.�

�

��
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Lateral�Conclusions�

The�lateral�system�was�designed�using�the�RAM�Structural�system�software.�An�initial�
trial�sizing�of�the�lateral�system�was�made�based�off�of�the�gravity�analysis,�which�was�followed�
by�a�strength�design.�Once�the�members�were�sized�for�strength,�several�design�irritations�for�
drift�were�performed.�After�a�check�with�STAAD�to�verify�the�RAM�model�accuracy,�a�final�
design�of�the�lateral�system�was�completed.�It�became�clear�that�the�overall�framing�design�was�
controlled�by�the�N�S�frame,�most�likely�due�to�the�torsion�caused�by�the�orientation�of�these�
column’s�weak�axes�to�E�W�loading.�After�a�strength�check�on�the�final�drift�design,�manual�
verification�was�completed�by�comparing�the�frames�to�the�existing�original�design,�and�by�
comparing�the�change�in�size�of�columns�between�the�new�and�original�designs.��
� Afterwards,�frame�foundations�were�sized,�based�off�of�the�bedrock�bearing�capacity,�
yielding�foundations�that�were�15%�to�50%�larger�than�the�original�designs,�which�is�a�
reasonable�size�increase,�considering�the�dramatically�increased�gravity�and�wind�loads.��
� The�economics�analysis�made�clear�that�the�new�lateral�system�is�a�more�efficient�
system,�despite�the�large�size�of�the�members�for�the�N�S�braced�frame.�The�total�%�increase�in�
floor�area�cost�is��6%,�which�is�a�dramatic�savings,�especially�since�it�does�not�include�the�cost�
savings�associates�with�eliminating�moment�connections.��
�
�
�
�
�
�
�

�

�
�
�
� �
��
�
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Gravity�Design� � � � � �

Goals�&�Process� � � � � �

� This�section�begins�with�a�description�of�the�design�approach�taken�to�choose�the�
framing�system�for�the�cantilevered�area�described�in�the�Architectural�Breadth�section.�
Chronologically,�this�step�was�actually�taken�before�the�lateral�or�gravity�analysis�was�
completed;�however,�its�description�fits�best�within�the�context�of�the�gravity�design.��
� Now�that�the�lateral�analysis�is�complete�and�the�RAM�model�has�been�updated,�it�is�
possible�to�run�a�final�gravity�design�analysis.�A�detailed�listing�of�finalized�beam�and�column�
sizes�will�not�be�included,�however,�because�this�section�is�aimed�primarily�at�verifying�the�RAM�
gravity�design�modeling.�
� The�first�step�in�this�verification�process�is�hand�calculations�involving�the�design�of�the�
basement�columns�along�a�single�column�line,�which�will�then�be�compared�to�the�“existing”�
original�column�design�with�the�“RAM”�original�design.�This�analysis�consists�of�using�tributary�
area�and�the�design�loads�previously�determined�in�the�beginning�of�the�Structural�Depth�
section�to�design�the�columns�via�the�column�design�Table�4�1�of�the�AISC�Steel�Construction�
Manual.��This�comparison�will�make�evident�any�discrepancies�between�the�existing�original�
design�and�the�computer�models,�and�provide�a�check�for�the�validity�of�the�computer�models�
results.�

The�second�form�of�verification�is�a�comparison�of�the�RAM�original�design�and�the�RAM�
new�design.�The�previous�verification�already�established�that�the�size�are�within�the�range�of�
the�original�existing�model;�however�this�check�confirms�the�results�of�the�two�RAM�models�and�
provides�a�means�of�comparing�the�gravity�system�design.�
� After�the�verifications,�an�economics�analysis�similar�to�the�one�conducted�in�the�Lateral�
section�will�be�carried�out�to�determine�the�effectiveness�of�the�system.�This�will�be�followed�by�
a�conclusion�section�summarizing�the�gravity�analysis�results.��
�

� �
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Cantilever�Area�Design� � � � �
� �
� A�method�for�attaching�the�cantilevered�section�of�the�framing�system���highlighted�in�
blue�on�the�plan�below�–�needed�to�be�determined.�Several�options�were�initially�considered,�
including�a�hanging�structure,�moment�connections,�or�continuous�girders.�It�was�clear�early�on�
that�a�hanging�structure�would�be�infeasible�due�to�the�negative�impacts�it�would�have�on�the�
existing�architectural�design.�The�better�of�the�remaining�two�options�was�picked�by�a�rough�
cost�estimate�of�the�different�systems�using�equivalent�steel�weights.�

� �
� The�continuous�girder�system�would�require�a�column�splice�at�each�level�so�that�the�
girder�could�pass�through�creating�the�cantilever.�Average�cost�of�a�column�splice�is�
approximately�500�lb/�per�column.�With�6�levels,�and�10�columns�per�floor,�this�would�add�
30,000�lbs�of�steel�to�the�project.�
� The�cost�of�a�moment�connection�can�be�estimated�by�multiplying�the�joint�penetration�
weld�costs�of�approximately�1.6�lb/ft�with�the�average�of�2.5�ft�of�welding�required�for�a�typical�
Wx14,�which�results�in�4�lb�of�steel�per�moment�connection.�If�the�girder�is�connected�to�the�
column�flange,�stiffener�plates�will�be�required�to�resist�web�compression.�These�can�cost�up�to�
300�lb/�per�pair�of�sitffeners.�The�total�cost�runs�at�18,480�lbs�of�steel�with�two�moment�
connection�per�beam�and�a�pair�of�web�stiffeners.���

At�nearly�half�the�cost�of�the�continuous�girder�system,�a�cantilevered�framing�area�
supported�by�moment�connections�is�clearly�the�better�choice.�

�
� �
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Verifications� � � � � � �

Hand�Check�

� The�first�step�in�this�verification�process�is�a�comparison�of�the�“existing”�original�
column�design�with�the�“RAM”�original�design�with�hand�calculations.�A�single�column�line�–not�
part�of�the�lateral�system���of�basement�columns�was�used�to�run�the�verification,�as�highlighted�
in�the�image�below.�This�analysis�consists�of�using�tributary�area�and�the�design�loads�previously�
determined�in�the�beginning�of�the�Structural�Depth�section.�The�controlling�load�combination�
of�1.2D�+�1.6L�+�0.5R�was�then�used�to�obtain�total�loads,�which�were�used�in�conjunction�with�
an�effective�length�(KL)�value�of�17’�to�design�the�columns�according�to�column�design�Table�4�1�
of�the�AISC�Steel�Construction�Manual.��Finally�these�column�sizes�were�compared�to�the�
“existing”�original�design,�and�the�RAM”�original�design,�to�verify�the�relative�accuracy�of�the�
RAM�model.�After�reviewing�the�column�checks�it�becomes�apparent�that�the�columns�are�
typically�within�the�same�size�range,�with�the�existing�columns�typically�larger.�This�is�attributed�
to�the�fact�that�the�original�existing�floor�design�was�designed�for�vibration�control;�however,�
this�criterion�was�not�included�in�the�RAM�gravity�model�creating�a�slightly�lighter�structural�
system.�Other�discrepancies�can�also�be�attributed�to�modeling�differences.�It�is�important�to�
note�that�despite�these�differences;�an�accurate�lateral�system�was�designed,�which�was�the�
primary�intent�of�the�structural�breadth.��

�
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�Column�Comparison�

The�second�form�of�verification�is�
a�comparison�of�the�RAM�original�design�
and�the�RAM�new�design.�The�previous�
verification�already�established�that�the�
sizes�are�within�the�range�of�the�original�
existing�model;�however�this�check�
confirms�the�results�of�the�two�RAM�
models�and�provides�a�means�of�
comparing�the�gravity�system�design.�This�
table�is�limited�to�those�columns�which�
are�affected�by�the�building�addition�with�
columns�partaking�in�a�lateral�system�
highlighted�in�yellow.�As�expected,�most�
of�the�sizes�went�up,�with�the�exception�
of�those�columns�which�were�previously�
part�of�the�moment�frame�system.�Since�
these�were�not�longer�required�to�carry�
lateral�loading,�their�sizes�could�be�
drastically�reduced,�some�by�20%.�
Columns�which�are�part�of�the�braced�
frame�system�dramatically�increased�in�
size,�especially�those�part�of�the�N�S�
framing�system,�E/5�6�and�F/5�6.��
�
�
�
�
�
�
�
�
�
�
�
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Gravity�Conclusions�&�Economics�Analysis� � �

Economics�Analysis�

An�economic�analysis�can�be�performed�
between�the�new�and�original�systems�by�
comparing�the�unit�cost�of�the�two�design�and�
by�determining�the�percent�increase�in�cost.�
Cost�is�expressed�in�tonage�of�steel�required;�
therefore�the�unit�cost�is�the�ratio�of�steel�
weight�to�square�footage.�Although�a�full�cost�
breakdown�of�the�$150�million�MHSC�project�
would�be�more�accurate,�this�approach�
provides�a�rough�estimate�in�determining�the�
efficiency�and�effectiveness�of�the�new�system.�
The�table�on�the�right�lists�square�footages�and�
unit�weights�per�each�level,�the�resulting�%�
increase�in�price,�and�the�totals�for�theses�
items.��

The�drastic�increase�in�the�gravity�frame�
costs�can�be�associated�with�the�fact�that�when�
the�lateral�system�was�changed�from�braced�to�
lateral,�a�significant�number�of�high�weight�
beams�were�moved�from�the�lateral�to�the�
gravity�takeoff.�With�that�said,�their�is�still�a�
decrease�in�total�percent�change�in�cost,�reinforcing�the�statement�within�the�lateral�section�
that�they�new�design�is�more�efficient.��

The�increase�in�column�cost�is�forseeable�since�there�is�simply�no�opportunity�to�save�
weight�in�this�area:�The�gravity�columns�simply�must�be�added.�When�this�is�taken�to�
consideration�with�the�savings�gained�by�the�lateral�system�and�gravity�beams,�it�becomes�clear�
that�the�overall�design�is�still�an�efficient,�cost�saving�approach�to�add�square�footage�to�the�
building�program.��

�
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Gravity�Conclusions�

� �After�analysing�the�hand�calculations,�it�is�clear�that�there�is�a�slight�inconsistancy�
between�the�RAM�model�and�the�“existing”�model,�most�likely�due�to�the�heavier�floor�of�the�
existing�system�which�was�specifically�designed�for�vibration�control:�however,�the�second�
column�comparison�highlights�the�important�fact�that�this�error�is�consistant,�thus�verifying�the�
design�results�and�allowing�the�comparison�of�the�“original”�and�“new”models.�

� The�final�gravity�economics�analysis�can�be�combined�with�the�existing�lateral�analysis�to�
reach�the�final�conclusion�about�the�structural�redesign:�that�the�addition�of�square�footage�to�
an�existing�midrise�building�is�an�efficient�means�to�increasing�program�capacity,�and�that�the�
simplification�from�moment�to�braced�frames�as�a�an�effective�means�to�obtain�cost�savings.��

�

�
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Vibration�Check�� � � � �

The�final�step�within�the�Structural�Breadth�section�is�to�perform�a�vibration�analysis�of�
the�existing�floor�system.�The�MHSC�contains�many�laboratory�spaces�with�sensitive�equipment,�
which�may�not�function�properly�when�exposed�to�vibrations�caused�by�walking�excitation.�
Vibration�control�of�the�floor�system�can�dramatically�affect�the�floor�sizing�requirements,�
including�slab�thickness�and�weights,�and�beam�and�girder�sizing.�An�analysis�of�floor�system�–�
based�off�the�Steel�Design�Guide�Series�11:�Floor�Vibration�Due�to�Human�Activity�–�will�shed�
light�on�the�“existing”�floor�systems�design�intent,�and�determine�the�suitability�of�the�floor�
system�for�various�laboratory�applications.����

� �A�typical�bay,�depicted�below�within�the�context�of�the�floor�plan�and�enlarged�on�the�
next�page�was�used�for�the�analysis,�which�appears�on�the�following�pages.�This�bay�was�chosen�
since�most�of�the�laboratory�equipment�is�located�here.�Next�to�the�enlarged�plan�is�a�section�of�
the�beam/joist,�with�the�member�properties�used�during�the�analysis�labeled.��

�
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� The�design�process�is�presented�in�order�of�the�calculations�made,�starting�with�
“Member�Properties”�which�determines�the�“Panel�Natural�Frequency.”�This�is�followed�by��the�
“Mid�Span�Flexibilities”�and�ends�with�“Expected�Maximum�Velocity�due�to�Walking.”�Finally�a�
chart�comparing�the�calculated�vibration�velocity�values�to�the�allowed�values�concludes�for�
which�types�of�facility�or�equipment�use�the�floor�system�is�suitable�for.�Design�assumptions�are�
noted�as�they�appear�in�the�calculations.��
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� This�chart�comparison�shows�that�the�“existing”�floor�system�is�suitable�only�for�
basic�laboratory�equipment�and�procedures,�such�as�bench�microscopes�with�100x�
magnification,�surgery�and�operating�procedures.�If�walking�speeds�are�minimized�to�a�slow�
pace,�microscopes�with�400x�magnification�could�be�used.�This�demonstrates�that�the�Temple�
University�Multipurpose�Health�Science�Center’s�floor�system�is�adequate�for�less�sensitive�
equipment�and�procedure�requirements,�which�may�meet�the�university’s�needs;�however,�a�
redesign�would�be�required�to�accommodate�equipment�with�more�stringent�vibration�
requirements.��

�
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The�Multipurpose�Health�Science�Center�(MHSC)�is�a�new,�state�of�the�art�medical�
facility�within�the�heart�of�Philadelphia.�The�great�urban�location�comes�with�a�primary�
shortcoming:�lack�of�space,�which�has�prompted�the�owner�to�express�need�for�a�significant�
program�expansion�including�the�addition�of�green�space;�thereby�requesting�an�in�depth�
architectural,�green�roof,�and�structural�investigation.�

Architectural�Breath��

� By�analyzing�the�existing�architectural�conditions,�a�building�mass,�typical�floor�plans�and�
framing�layouts�were�created�with�several�design�considerations�guiding�the�process,�including�
attention�to�the�scale�of�the�surrounding�site�and�neighborhood;�consideration�of�the�original�
design’s�massing,�programming,�cladding,�and�preexisting�design�philosophy;�optimization�of�
the�structural�system;�and�finally�a�life�safety�check.��

� A�stepped�back�massing�complimented�the�scale�of�the�neighborhood�and�provided�to�
opportunity�to�fulfill�the�design�philosophy�by�expressing�internal�functions�externally.�The�
program�requirements�were�successfully�met�by�the�addition�126,000�sf�program�space,�
incorporating�a�layout�efficiency�of�83%.��

The�structural�system�was�optimized�by�continuing�up�the�existing�structural�system�
vertically�and�special�considerations�such�as�vibration�issues�and�mechanical�equipment�space�
allocation�were�taken�into�account.���

Finally,�an�egress�check�insured�that�the�adequate�size�and�number�of�exits�were�
present�to�insure�the�safety�of�the�building’s�6,000�potential�occupants.�

Green�Roof�Breath��

The�green�roof�is�a�dual�intensive�and�extensive�system�with�a�1400sf�accessible�garden�
above�the�library,�with�an�extensive�green�roof�system�covering�the�remaining�4800�sf�of�roof.�
The�intensive�system�is�modeled�after�“Roofscapes,�Inc.”�“Savannah”�style�roof,�which�is�6”�
thick�and�can�sustain�supports�sedums,�meadow�grasses�and�meadow�perennials.�The�
shallower�“Flower�Carpet”�system�is�3�5”�deep�and�supports�sedums�and�small�herbs.�

A�cost�estimate�was�made�comparing�the�typical�built�up�roof�system�with�the�intensive�
and�extensive�roof�systems.�It�was�shown�that�the�$49,871�cost�for�the�intensive�roof�is�only�
0.03%�of�the�total�$150�million�budget,�making�it�clear�that�the�green�roof�is�a�very�feasible�
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addition�to�the�budget,�especially�when�long�term�cost�reductions�in�storm�water�treatment�
and�energy�consumption�are�considered.��

Structural�Depth�

� The�structural�system�had�to�not�only�meet�the�strength�and�serviceability�requirements�
of�the�new�design,�but�to�do�so�as�efficiently�as�possible.�Extensive�computer�modeling�of�the�
lateral�and�gravity�system�was�used�to�meet�these�design�criteria,�which�was�verified�by�even�
more�extensive�manual�checks.��

� The�existing�lateral�system�consisted�of�E�W�braced�frames�and�N�S�moment�frames.�
The�E�W�frames�were�simply�continued�upward�with�chevron�bracing�while�the�N�S�frame�
moment�frames�were�replaced�by�two�braced�frames�in�an�attempt�at�creating�a�more�efficient�
system.�After�dozens�of�design�iterations�in�RAM,�a�check�using�STAAD,�and�multiple�hand�
calculations,�a�finalized�design�was�made�which�met�the�8.8”�drift�limit�and�resisted�the�
controlling�load�combination�1.2D�+�1.6W�+�0.5Lr.�Torsion�did�play�a�significant�role�in�the�
building�design�due�to�the�sizing�and�geometry�of�the�N�S�frame�columns.�Afterwards,�frame�
foundations�were�sized�based�off�of�the�bedrock�bearing�capacity,�resulting�in�foundations�that�
were�15%�to�50%�larger�than�the�original�designs,�which�is�a�reasonable�size�increase,�
considering�the�dramatically�increased�gravity�and�wind�loads.��

� The�economic�analysis�of�the�lateral�system�was�based�off�the�unit�weight�ratio,�which�is�
the�ratio�of�steel�weight�to�square�footage.�The�unit�weight�ratio�of�the�original�and�new�
designs�was�then�compared�to�obtain�a�percentage�price�change.�A�6%�decrease�indicated�that�
the�design�was�successful�in�reducing�relative�cost.��

� The�gravity�analysis�included�in�depth�hand�checks�which�were�used�to�compare�the�
original�design�to�the�new�one,�as�well�as�check�the�accuracy�of�the�modeling�program�by�
comparing�the�original�RAM�model�design�to�the�“existing�original�design.�Another�cost�analysis�
following�this�section�helped�provided�further�evidence�that�the�building�design�was�an�
effective�way�to�increase�the�program�capacity�and�that�the�structural�design�was�an�efficient,�
cost�saving�design.��

Lastly,�a�vibration�analysis�for�sensitive�equipment�was�made�following�the�Steel�Design�
Guide�Series�11�criteria.�The�results�of�the�analysis�demonstrated�that�the�floor�system�is�
adequate�for�less�sensitive�equipment�and�procedure�requirements,�which�may�meet�the�
university’s�needs;�however,�a�redesign�would�be�required�to�accommodate�more�sensitive�
equipment.��
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Overall�Conclusion�

� The�goals�set�out�in�the�design�impetus�were�successfully�achieved:�The�final�
architectural�design�was�an�efficient�and�thoughtful�design,�which�met�the�programming�
requirements�and�provided�a�safe�environment�for�the�building�occupants.�A�compelling�case�
was�made�supporting�the�incorporation�of�green�roofs�into�the�building�design�by�comparing�
the�costs�of�various�systems�and�describing�the�long�term�benefits�of�green�roofs.�Most�
importantly,�a�new�structural�design�was�created�that�not�only�met�the�stringent�strength�and�
serviceability�requirements�of�the�MHSC’s�laboratories�and�classroom,�but�was�a�cost�effective�
alternative�to�the�original�design.��
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Above:�Wind�loading�diagram�
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Above:�Detailed�calculations�for�story�shear�
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