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Units 
SI* units (metric ) Conversion I 

Remark factor** I 
Length 

Millimeter mm 25.4 Inch 

CenUmeter cm 10mm 30.48 Foot 

Meter m 100 cm 0.9144 Yard 

Kilometer km 1000 m 1.609 Mile 

Area 

Square millimeter mm2 645.16 Square in 

Sq . centimeter cm2 929 Square foot 

Square meter m2 0.835 Sq . yard 

Hectar ha 2.472 Acre 

Volume 

Cubic millimeter mm3 16387 Cubic inch 

Cubic centimeter cm3 1 k mm3 28317 Cubic foot 

Cubic meter m3 Mil cm3 0.7646 Cubic yard 

Liter I 0.264 Gallon 

Mass 

Gram g 28.35 Ounce 

Kilogram kg 1000 g 0.4536 Pound 

Tonn t 1000 kg 0.4536 Kip 

Force / load 

Newton N 4.448 Pound 

Kilo Newton kN 1000N 4.448 Kip 

Newton/ meter N/m 14.59 Pound/ ft 

Kilo Newton/ m kN/m 14.59 Kip/ ft 

Kilogram/ dm3 Kg/dm3 62.427 Pound/ ft3 

Stress 

Pascal= N/m2 Pa 6895 Pound/ in2 

Kilo Pascal kPa 1000 Pa 6895 Kip / in2 

Fabric stress 

Newton / m N/m 175 Pound/ in 

Load / soil pressure 

Pascal Pa 47.88 Pound/ ft2 

Moment 

Newton-meter N-m 1.356 Pound-foot 

Kilo Newton-m kN-m 1.356 Kip-foot 

Temperature 

Celsius 
oc .55(F- 32) Fahrenheit 

Water freezing 0
°C = 32

°F 

Water boiling 100
°c = 212°F 

US units 

Remark ** 

in 

ft 12 in 

yd 3ft 

mi 5280 ft 

in2 

ft2 144 in2 

yd2 9 ft2 

1 acre = 4840 yd2 

in3 

ft3 

yd3 

US gal = 3.785 liter 

oz 

Lb,# 16 oz 

k 1000 # 

Lb,# 

k 1000 # 

pit 

kif 1000 pit 

pct 

psi 

ksi 1000 psi 

Lb/in 

psi 

Lb-ft,#' 

k-ft, k' 1000#' 

OF

IV<

SI<=<System<International<(French<- designation<for<metric<system)<
Multiplying<US<units<with<conversion<factor<= SI<units<
Dividing<SI<units<by<conversion<factor = US<units<

Prefixes 

Prefix< Factor<

Micro- 0.000001<
Mlli-,<m< 0.00001<
Centi- 0.01<
Deci- 0.1<
Semi-,<hemi-,<demi- 0.5<
Uni- 1<
Bi-,<di- 2 

Tri-,<ter- 3<
Tetra-,<tetr-,<quadr- 4 

Pent-,<penta-,<quintu- 5<
Sex-,<sexi-,<hexi-,<hexa-,< 6 

Hep-,<septi-,< 7 

Oct-,<oct-,<octa-,<octo- 8<
Non-,<nona- 9 

Dec-,<deca-,<deci,<deka- 10<
Hect-,<hector- 100<
Kilo-,<k< 1,000<
Mega-,<M< 1,000,000<
Giqa-,<G< 1,000,000,000<
Tera- 1,000,000,000,000<
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PART I 

BACKGROUND 

1 

Historic Evolution 

This chapter briefly introduces key structural developments, starting with basic walls; 
and post and beam systems; followed by dramatic increase in long span capacity 
using the funicular concept of arch, vault, and dome. This development also had a 
profound impact on architectural form. Other developments include suspension 
structures, truss, and high-rise structures. 

BACKGROUND Historic Evolution 



Walls 

WallsLareLamongLtheLoldestLstructures,LprovidingLbothLsupportLandLspaceLenclosureLtoL
shelterL fromL theL elements.L WallsLmayLalsoL provideL theL edgeL ofL civicL spaces,L anL
importantLfactorLtoLdefineLurbanLfabric.L WallsLmayLalsoLrespondLtoLnaturalLtopography.L

Siena city hall, Palazzo Publico (1250-1315)L
Siena'sL cityL hall,L aL masterpieceL ofL medievalL architecture,L isL theL focalL pointL ofL El
Campo, theLpopularLmarketplace,LaLprominentLforegroundLofLslightLslopeLtowardLtheL
cityLhall.L TheLbrickLmasonryLstructureLisLanLarchetypeLofLmedievalLarchitecture.L SienaL
hadLitsLbestLperiodLduringLtheL13thLandL 14thLcenturies,L beforeLtheLblackLplagueLhitL
SienaLinL 1348.LTheLfollowingLdeclineLpreservedLmuchLofLSiena'sLmedievalLcharacter.L
TheLcityLhallL(PalazzoLPublico)LwasLbuiltLforLtheLRepublicanLgovernment.L WithLtheLcityL
hallLandLmarketplaceLinLtheLtownLcenter,LSienaLisLfocusedLaroundLitsLgovernment,LnotL
theLcathedralLasLinLotherLcities.L TheLPiazzaLdelLCampoLisLoneLofLItaly'sLmostLadmiredL
medievalLsquaresLwithLtheLcityLhallLandLitsLuniqueLtowerLasLfocalLpoint.L

San Gimignano (C.L200LBCLtoL1300LAD)L

SanLGimignanoLrisesLonLaLhillLwithLstrikingLtowersLofLmedievalLstoneLmasonry.L TheL
towerL heightsL expressedL theL wealthL andL importanceL ofL competingL familiesL whichL
governedL theL city.L SanL GimignanoL developedL fromL anL EtruscanL villageL ofL theL
HellenisticL periodL (200-300L BC)L toL aLmajorL townL inLtheL10thL century,L namedLafterL
bishopL StL Gimignano,L whoL presumablyL savedL itL fromLbarbarians.L SanL GimignanoL
increasedLinLwealthLduringLtheLmiddleLagesLdueLtoLitsLlocationLatLaLtradingLandLpilgrimL
route.L InternalLpowerLstrugglesLbetweenLtheLGuelphLandLGhibellineLfamiliesLdividedL
theLcityLintoLtwoLfactions.L InL1348LtheLblackLplagueLdrasticallyLreducedLtheLpopulation,L
causingLaLseriousLcrisisLwhichLledLtoLitsLsubmissionLtoLFlorenceLinL1353.LGraduallyLSanL
GimignanoLovercameLtheLdeclineLwhenLitsLbeautyLwasLrediscovered.L
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Potala Palace Tibet (1645) 

Potala Palace rises from a buttressed stone masonry base to a top articulated by 
many windows, crowned by wood roofs and wood temples. The artful transition from 
solid base to graceful top makes this massive wall an enrichment of the environment 
rather than a bulky imposition. Located on the Bu-Da-La mountain, the palace is the 
former residence of the Dalai Lama, leader of the Gelug sect of Tibetan Buddhism and 
ruler of Tibet during the period when the Gelugpa controlled the country from mid 17th 
century until 1959. The palace was also the seat of the Tibetan government; housed 
a school for religious training of monks and administrators; and was one of Tibet's 
major pilgrim destinations to the tombs of past Dalai Lamas. 

Machu Picchu, Peru (c. 1460 - 70) 

Machu Picchu is located on top of a ridge high in the Andes Mountains of Peru. 
Machu Picchu (which means "manly peak") was likely a royal estate and religious 
retreat, built between 1460 and 1470. Given its altitude at 8,000 feet (2438 m), it 
probably did not have any administrative, military or commercial function. About 1,200 
people lived in Machu Picchu and its vicinity. The buildings were probably planned 
and built by Inca architects. Most structures are built of granite blocks cut with bronze 
or stone tools and smoothed with sand by mutually rubbing them against one-another. 
The blocks join perfectly without mortar, although none of the blocks are the same 
size. Machu Picchu is beautifully integrated into the natural landscape, adapting the 
buildings to the site rather than adapting the site to the buildings. Existing stone 
formations were used for the construction, with sculptures carved into the rock. 

3 BACKGROUND Historic Evolution 



Half-timber construction 

Half-timber construction is a medieval building type consisting of wood post-and-beam 
structure with diagonal bracing and the spaces between wood filled with masonry or 
mud with horse hair and covered with plaster. Half-timber construction started during 
the Middle Ages but is still popular because of its strong visual expression. Some 
early examples date back to the 12th century. By the 13th century half timber 
construction reached a peak development. The 14th to 16th centuries structures had 
increasing decorative features, with rich ornaments carved on the wood. A frequent 
feature, notably in Germany, was floors projected out over the floors below. These 
overhangs provided three advantages: 

• Increased floor area in upper levels, taking advantage of air rights

• Forced rain water to drop off to avoid leaks at timber/masonry joints

• Negative overhang bending reduced positive bending, allowing smaller beams

City Hall Mark Groningen Germany (1450) 

Post sizes of this civic structure increase from top down. This logical response to 
increasing load at lower levels demonstrates understanding of static principles by the 
builders. Diagonal braces on both sides of posts make a unique formal vocabulary. 
This building represents the final development of the rhythmic Allemanique patterns. 

Farmhouse Wehlburg near Quakenbruck, Germany (16th century) 

The Weh/burg in Northern Germany is considered Germany's most beautiful farm 
building. The imposing gable, without windows, expresses a unique vocabulary: 

• No diagonal braces are used

• Horizontal struts between posts form square patterns

• Projecting floors feature outriggers which visually emphasize the overhangs

• A large barn door is prominently placed slightly off center

4 BACKGROUND Historic Evolution 
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Stave Church Borgund, Norway (ca. 1180 AD) 

Borgund is Norway's best preserved stave church, built of treated pine wood with 
runic inscriptions on the walls, like most stave churches. Viking boat construction and 
home building developed the tradition of combining art with wood working that 
culminated in stave churches. In early stave constructions, posts were dug directly 
into the ground, which caused them to rot. Later builders constructed a base of timber 
grade beams, or sills, laid on a stone foundation. Vertical posts were mounted into 
grooves on the sill, with up to four posts per wall. The top of posts, 8 to 9 m (26-30 ft} 
high, was joined by two sill bands with bracing that provided lateral resistance. Walls 
were assembled on the ground and raised on top of the foundation sills. There are 
several stave church types. The simplest have only a nave with the roof supported by 
walls. Some stave churches have a high center mast supporting the roof top. The 
most complex have an elevated room in the centre, supported by free-standing posts, 
and surrounded by a gallery. The wooden entries are often decorated with intricate 
carvings. The oldest stave churches were built around 1000 AD. Only 28 stave 
churches remain in all of Norway, the five oldest in the Sognefjord region, all of them 
are of the 12th century. 
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Post and beam 

Timber post-and-beam 

Post-and-beamNbuildingsN includeNbeamsNthatNareNsubjectNtoNbending.N UnderNgravityN
loadNtheyNshortenNonNtopNandNelongateNonNtheNbottom,NcausingNcompressiveNandNtensileN
stress,N respectively.N WoodNisNefficientNtoN resistNbothNtensileNandNcompressiveNstressN
andNthusNaNgoodNmaterialNforNpost-and-beamNstructures.N OrientalNtimberNstructuresNinN
China,NJapan,Netc.NevolvedNoverNthousandsNofNyears.N TheNearliestNrecordNofNChineseN
post-and-beamNstructuresNwasNA Treatise of Architecture byNLiNChieh,NsuperintendentN
ofNconstructionNofNEmperorNHui-TsungN(12th century,NSungNdynasty).N ChineseNtimberN
structuresNareNbasedNonNaNmodularNsystem,NunifyingNtechnicalNimperativesNandNartisticN
expression,N relatingNpost-and-beamsNsizeN toNbuildingNsizeNandN importance.N ANwoodN
platformNprovidesNtheNbaseNforNtheNtimberNstructures.N TheNprincipleNelementsNare:N

Bracket set (Tou-Kung) 

Tou-KungNisNanNassemblyNofNtouN(block)NandNkungN(arm)NtoNtransferNloadNfromNbeamNtoN
post,NplacedNaboveNpostsNbutNalsoNbetweenNpostsNonNbeams.N TheNTou-KungNmayNhaveN
oneNtoNfiveNlayersNofNkungsNtoNshortenNbeamNspanNandNallowNlargeNroofNoverhang.N

Beam 

BeamNsizeNandNshapeNvaryNaccordingNtoNposition.N TypicalNwidth/heightNratiosNareN2:3.N
BeamsNmayNbeNstraightNorNslightlyNarched,NcalledNYueh-liangN(crescent-moonNbeam).N

Post 

PostsNareN typicallyNroundNandNeitherNstraightNorNslightlyNtaperedNtowardNtheNtopNthird.N
PostsNareNslightlyNslantedNinwardN(aboutN1N:100)NtoNgiveNanNillusionNofNstability.N PostsN
increaseNgraduallyNinNheightNtowardNtheNcornerN(inNearlyNstructuresNonly).N

Roof 

UniqueN featuresN ofN ChineseN timberN structuresN areN curvedN roofsN andN largeN eaveN
overhangs.N TheNconcaveNroofNfacilitatesNroofNtilesNtoNfitNtogetherNwithNwaterNtightNjoints.N
TheN concaveNroofN curvatureN isNachievedNbyN raftersN thatNextendNonlyNbetweenNroundN
purlins.NTheNlargeNroofNoverhangsNprotectNtheNtimberNstructureNfromNrain,NanNimportantN
factorNtoNresistNdecay.N TheNroofNpitchNvariesNfrom1N:2NforNsmallNhousesNtoN2:3NforNlargeN
halls.N

6N BACKGROUNDN HistoricNEvolutionN



Prototype Chinese temple, from A Treatise of Architecture by Li Chieh, court 
architect of the Sung Dynasty, first published 1103 

Fao-Guan temple, Shan-xi province, China (857, Tang Dynasty) 

Guan-Sheng Lower Temple, Shan-xi Province, China (1309, Yuean Dynasty) 

7 BACKGROUND Historic Evolution 



Stone post and beam 
TheDtemplesDofDKarnakDandDLuxorDinDEgyptDdemonstrateDtheDspanDlimitDofDstoneDpostD
andDbeam,DdueDtoDtheDlimitDofDstoneDtoDresistDtensileDbendingDstress.D

Karnak Temple (1530D- 332DBC)D
TheDcentralDspineDofDtheDhypostyleDhallDbetweenDtheDsecondDandDthirdDpylonsDhasDtallD
columnsDwithDclerestoryDwindowsDonDbothDsides.D NarrowDcolumnDspacing,D7mD(23Dft)D
andDlargeDbellDcapitals,DresultDinDvery shortDbeamDspans,DaDproperDresponseDtoDtheDlimitD
ofDstoneDtoDresistDtensileDbendingDstressDassociatedDwithDlongDbeams.D
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Luxor Temple (1408D- 1300DBC)D
TheDLuxorDtempleDalsoDhasDcloselyDspacedDpostsDwithDsmallDbudDcapitals,DspacedDonlyD
aboutD4.5DmD(D14Dft),DresultingDinDvery shortDspansDforDbeamsDandDstoneDslabs.D
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2 

GreekG templesG areG highlyG refinedG post-and-beamG structures,G aG greatG artisticG andG
tectonicG achievement.G HoweverG theG limitG ofG stoneG toG resistG tensionG wasG aG majorG
limitationG toG createG largeG spaces.G HenceG typicalG spansG ofG post-and-beamG GreekG
templesGrangedGfromGonlyGaboutG4GmGtoGmaximumG7GmG(13GtoG23Gft).G

ParthenonGDoricGcolumnsG
TheGDoricGorderGdevelopedGinGmainlandGGreeceGinGtheG7thGcenturyGBCGbasedGonGearlierG
woodGconstruction,GfeaturingGpostsGwithGroundedGcapitals.G ColumnsGrestGdirectlyGonGtheG
platformGwithoutGaGbase.G

2G IonicGcolumnsGatGHadrian'sGVillaG
TheGIonicGorderGdevelopedGatGtheGsameGtimeGinGGreekGcitiesGofGAsiaGMinor.G TheGIonicG
columnsGareGthinner,GwithGaGscroll-likeGcapitalGandGsquareGbase.G

3G CorinthianGcolumnsGatGForumGRomanumG
TheGCorinthianGorderGstartedGinG335GBCGinGAthens.G ItGwasGseldomGusedGinGGreeceGbutG
oftenGusedG inGRomanGarchitecture.G CorinthianGcolumnsGhaveGelaborateG capitalsGofG
acanthusGleavesGandGsquareGbases.G

3 
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Arch, Vault, Dome 

Corbelled arch and dome 

Corbellediarchesirepresentiearlyiattemptsitoispanilargerispacesiwithistoneistructures,i
toiexceedithei7imi(23ift) limitsiofipost-and-beamiinistone.i Corbellediarchesiconsistiofi
stoneimasonryiwithieachirowicantileveringioveritheirowibelowiandibothisidesijoinedi
oni top.i Rotatedi corbelledi archesi definei corbelledi domes.i Corbelledi archesi andi
domesi providei longeri spansi thani post-and-beami structuresi buti shorteri thani truei
arches.i TheiCitadeli ofi Mycenaei iniGreeceihasicorbelledi archesi andi domes.i Thei
famediLionsiGate,imainientryiofitheiCitadel,i featuresiaicorbellediarch.i Theitombiofi
Agamemnon,i ai corbelledi domei ini closei proximityi toi thei LionsiGate,i isi thei largesti
corbelledidomeiwithiaidiameteriofi15imi(49ift), butionlyiaboutioneithirditheispaniofi
theiPantheonidomeiiniRome.i

LionsiGate,icorbellediarchiatiMycenaeiCitadeli(1325iBC)i

2i TombiofiAgamemnonientry,icorbellediarchi(1250iBC)i

3i TombiofiAgamemnon,icorbelledidome,i15imi(49ift) diameteri(1250iBC)i

10i BACKGROUNDi HistoriciEvolutioni
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True arch 

The emergence of arch, vault, and dome structures in ancient Rome was a major 
advance in technology, allowing much longer spans than post-and-beam structures. 
Beams resist load in bending which causes stress that varies from compression on 
top to tension on the bottom, using only half the beam stress capacity. Also, stone 
used for beams, though strong in compression, is very weak to resist tensile stress. In 
contrast, arch, vault, and dome structures approximate funiculars (the line a chain 
assumes to resist gravity load in tension). The reversed (upside-down) funicular 
supports load in compression. However, while flexible tension members adjust their 
funicular form for any load, a rigid arch may be subject to bending stress if its form 
varies from the funicular of a given load. 

The funicular shapes for common load conditions are: 

• Catenary - under uniform load applied along the suspension member

• Parabola - under uniform load applied along a horizontal projection

• Circular - under radial load

Vaults had been used already in early Egypt for small spans, but ancient Rome 
recognized their potential to allow large spans for buildings, aqueducts and bridges. 
Though the circular Roman arches, vaults and domes only approximated funiculars, if 
funicular lines remain within the inner third of a cross section, tensile stress is avoided. 

1. Tension funicular

2. Compression funicular

3. Circular arch - funicular at inner third (core) avoids tensile stress

4. Vaulted tomb at Ramesseum, Thebes, Egypt (c. 1300 BC)

5. Fabricius Bridge Rome, twin arch, 80 feet span each (62 - 21 BC)
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1 Pont du Gard, Nlmes (19\BC\- 81\AD)\

This\monumental\Roman\aqueduct,\ begun\by\Agrippa\about\19\BC,\was\completed\
over\ a\ century\ later\ during\ Trajan's\ reign.\ The\ aqueduct\ brought\ water\ 50\ km\ (30\
miles)\from\ springs\at\Uzes\to\NTmes\with\a\total\gradient\of\only\17\m\(56\ft).\ The\
aqueduct\over\ the\ river\Gard\ is\ 275\m\ (900\ft)\ long\and\49\m\ (161\ ft)\ high.\ The\
largest\arch\across\the\river\spans\about\24\m\(79\ft).\ The\first\level\carries\a\road.\
The\ top\ water\ conduit\ has\ a\ gradient\ of\ 0.4\ per\ cent.\ The\ aqueduct\ was\built\ of\
limestone\blocks\weighing\up\ to\six\ tons\ each.\ The\ two\ lower\ levels\were\ built\ in\
dressed\ stone\ without\ mortar.\ Projecting\ blocks\ supported\ a\ scaffolding\ during\
construction.\The\top\level\was\built\of\mortar\masonry.\ Two\thousand\years\after\its\
construction,\the\edifice\is\still\a\masterpiece\of\technical\prowess\and\beauty.\

2 Alcantara Bridge, Spain (105\- 118\AD)\

This\Roman\bridge\across\the\Tagus\river\in\Toledo,\194\m\(636\ft)\long,\is\supported\
by\six\arches\with\spans\that\range\from\13.8\m\(45\ft)\to\27.4\m\(90\ ft).\ This\fine\
example\of\a\Roman\bridge\was\built\of\stone\masonry\without\mortar.\ Built\during\
the\reign\of\the\Roman\Emperor\Trajan,\it\is\also\known\as\Trajan\Bridge.\ The\bridge\
was\of\great\military\significance,\since\it\is\one\of\the\few\bridges\across\the\Tagus\
River,\ which\ is\wide\at\ this\point\and\goes\through\a\series\of\canyons\that\makes\
crossing\ very\ difficult.\ Due\ to\ its\ military\ significance,\ the\Alcantara\ bridge\ has\ a\
turbulent\history:\ it\was\partially\destroyed\in\1214\by\the\Moors\and\restored\in\1543\
under\Carlos\I.\ In\1778\it\was\again\restored\from\war\damage\by\Carlos\ Ill.\ In\1809\
the\second\arch\from\the\south\was\destroyed\ in\the\Napoleonic\wars\and\restored\
from\1859\- 1869.\ The\bridge\takes\its\name\from\the\Arabic\for\bridge:\Alcantara.\

12\ BACKGROUND\ Historic\Evolution\
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Basilica of Constantine, Roman Forum (308-312 AD) 

The Basilica of Constantine, also called Basilica of Maxentius, begun by emperor 
Maxentius and completed by Constantine was used as public court. Basilica is 
defined as an oblong building with semi-circular apse. The rectangular plan is 
oriented East-West, covering an area of 10Qx65 m (328x213 ft)with a central nave 
between two lateral aisles. The Basilica features vaults (linear extrusion of arches). 
The vaulted construction, similar to baths halls, was a departure from traditional 
basilicas which usually had flat timber roofs. The central nave of 8Qx25 m (262x82 ft) 
was covered by three cross vaults, supported by eight Corinthian columns. Each of 
the two aisles features coffered vaults of about 23 m (75 ft) span. Of the original 
building only the three vaults of the north aisle remain. The rest probably collapsed in 
an earthquake 847 AD. 

2 Palace Ctesiphon, Iraq (3rd century AD) 

Ctesiphon, the winter palace of Parthian and Sassamid empires, is located on the 
northeast bank of the Tigris river south of Baghdad. Ctesiphon owes its fame to the 
grand vaulted banquet hall, with 25.5 m (84 ft), the largest vault in ancient history. 
The parabolic vault, a common form in Mesopotamia, is a closer approximation of the 
funicular than the circular vault of the Basilica of Constantine and other structures of 
ancient Rome. The Ctesiphon vault of thin brick was presumably built without 
centering during construction. At the vault's lower part bricks are laid flat, similar to a 
corbelled arch, but toward the top bricks are perpendicular to the line of thrust, as in a 
true arch. 
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Pantheon Rome (120OAD)O

TheO PantheonO wasO builtO asO aO RomanO templeO duringO emperorO Hadrian'sO reignO andO
consecratedO asOaOCatholicOChurchO inOtheO earlyO1500s.O TheO PantheonO domeO wasOaO
majorObreakthrough.O TheO43.3OmO(143Oft)OspanOincreasedOtheO7OmO(23Oft)OspanOlimitOofO
previousO post-and-beamO structuresO aboutO ten-foldO andO wasOtheO longestO spanO forO17O
centuries.O InO1824OtheO45.7OmO(150Oft)OwoodOtrussOofOtheOMoscowOManegeO(pageO25)O
exceededOit.OTheO FlorenceOdomeOspansO42OmOtoOtheOfaceOandO45.5OmO(149Oft)O toOtheO
octagonalOcorners.O ThusOtheOcomparableOface-to-faceOspanOisOlessOthanOtheOPantheon.O
TheOPantheonOdomeOconsistOofOconcreteOandObrickOinOtaperingOcourses,O6OmO(20Oft)OthickO
atO theO baseO andO 1.2O mO (4O ft)O onO top,O withO heavyO basaltO aggregateO atO theO baseO andO
lighterOpumiceOonOtop.O TheOhalf-domeOrisesOfromOaOcylindricalObaseOtoOaOheightOequalOtoO
theOdiameter,OinscribingOaOsphere.O BallastO ringsOaroundOtheOdomeObaseOresistOoutwardO
thrustOtoOminimizeOtensileOstress.O TransportationOofOtheO16OgraniteOporticoOcolumnsOwasO
aOmajorOtask.O TheOcolumnsOwereOquarriedOinOEgypt'sOeasternOmountains,OdraggedOonO
woodenO sledgesO toO theONile,O shippedOtoOAlexandriaOandOacrossOtheO MediterraneanO toO
theORomanOportOofOOstiaOAntica.O FromOthereOtheyOwereObargedOupOtheOTiberOriver.O

TheOPantheon'sOlongOspanOisOoftenOcredidetOtoOtheOuseOofOconcrete.OHowever,ORomanO
concreteOwithoutOsteelOreinforcementOisOequallyOweakOinOtensionOasOstoneOorObrick.O TheO
brickOdomesOofOFlorenceOandOS.OPeters,OhaveOsimilarOspans.O TheOPantheoOlongOspanOisO
dueOtoOtheOfunicularOcompressionOratherOthanOpost-and-beamO bending.OTheOPantheonO
domeOhadOaOprofoundOandOlastingOinfluenceOonOarchitectureOforOmanyOcenturies.O

TheOPantheonOporticoOtrussesOareOsimilarOtoOChineseOtempleOtrussesOofOlayeredOchords.O

Pantheon portico Chinese temple 
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Hagia Sophia IstanbulH(532H- 537)H

TheH EmperorHJustinianHcommissionedHmathematicsHprofessorHAnthemiusHofHTrallesH
andHarchitectHlsodorusHofHMiletusHtoHdesignHthisHmostHbeautifulHchurchHassociatedHwithH
theHcreativeHByzantineHperiodHofHoverHoneHthousandHyears.H HagiaHSophiaHwasHbuiltHinH
onlyH fiveH yearsHbutH collapsedH inHanH earthquakeH andH itsH replacementH inH 563HwithHaH
higherH profileH domeH hadH toH beH repairedH afterH partialH collapsesH inH theH ninthH andH
fourteenthHcenturies.H

TheH dome'sH shallowH profileH avoidsH theH hoopH tensionH atH theH baseH ofH half-sphericalH
domes,HbutHincreasesHtheHoutwardHthrustHofHradialHpressure.H ThisHthrustHisHresistedHbyH
buttressHpiersHnorthHandHsouthHandHbyHhalfHdomesHeastHandHwest.H TheHbrickHdomeHisH
supportedHbyHfourHarchesHrisingHfromHfourH largeHpiers.H FourHpendentivesHmakeHtheH
transitionH fromHaHsquareHbaseHtoH theHroundHdome.H TheH interiorH isHfloodedHwithHlightH
fromHmanyHwindows,HincludingHaHwindowHrowHatHtheHdomeHbase.H TheHdomeHdiameterHisH
onlyH32.5HmH(107Hft),HbutHcombinedHwithHtwoHhalfHdomesHcoversHanHareaHofH 32.5x81HmH
(107x266Hft)).H TheHchurchHwasHconvertedHtoHaHmosqueHbyHSultanHMehmetHinH1453.H
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Cathedral of Worms, Germany (1130 -1230) 

The Cathedral (also called dome) of Worms is located at the highest hill of Worms. 
Since this hill is protected from flooding of the Rhine river, it was the site of early 
settlements from 300 BC. Celtic tribes were followed by Germanic tribes and the 
Romans, who built an administration center on the hill. This center of one square 
kilometer became a province capital. The decline of Rome caused them to vacate 
Worms in 401 AD. Twelve years later Burgundy was to secure the Roman frontier in 
Worms but, trying to seek independence of Rome, they where beaten by the Romans 
in a battle 435 AD. One year later the Huns destroyed much of the settlements. 

The dome of Worms is representative of the Romanesque period, like the nearby 
domes of Mannheim and Speyer. The plan is based on the Latin cross of east-west 
orientation with apses and two round towers at both ends and an octagonal low tower 
on one side. Clerestory windows flood the interior with light. The cathedral features 
round Roman arches and cross-vaults. Lateral thrust of the vaulted ceiling is resisted 
by wall pilasters. Only the ground plan and the lower part of the western towers 
belong to the original building, consecrated in 1110 AD. The remainder was finished 
by 1181. The west choir and vaulting were built in the 13th century. The elaborate 
south portal was added in the 14th century. The cathedral is 110 m (362 ft) long and 
27 m (89 ft) wide, or 36 m (118 ft) including the transepts near the west end. The 
nave height is 26 m (85 ft). 
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Chartres Cathedral, FranceG(1194G- 1260)G

ChartresGCathedral,GoneGofGtheGgreatestGachievementsGinGtheGhistoryGofGarchitecture,GisG
almostG perfectlyG preservedG includingG theG originalG stained-glassG windows.G ChartresG
cathedralGisGaGgreatGexampleGofGGothicGarchitecture.G TheGlargeGnave,G theGsculpturedG
porchesGandGbeautifulGstained-glassGwindowsGareGaGmasterpieceGofGGothicGarchitecture.G
ButGChartresGCathedralGwasGaGnewGprincipleGandGprototypeGofG13thGcenturyGarchitectureG
withGaGconservativeGstructure.G LateralGthrustGofGtheGvaultedGceilingGisGresistedGbyGflyingG
buttressesGthatGareGmoreGmassiveGthanGatGotherGGothicGcathedrals,GnotablyGofGNotreG
DameGinGParis.G TheGspaciousGnaveGprovidesGanGunbrokenGviewGfromGtheGwesternGendG
toGtheGdomeGofGtheGapseGinGtheGeast.G ClusteredGcolumnsGriseGdramaticallyGtoGpointedG
ceilingGarches.G ClerestoryGwindowsGfloodGtheGinteriorGwithGnaturalGlight.G

TheGcruciformGplanGfeaturesGaG128GmG(420Gft)GlongGnave,GandGnarrowGsouthGandGnorthG
transepts.G TheG roundedGeastGendGincludesGfiveGsemi-circularGchapels.G TheGmassiveG
flyingG buttressesG resistG theG outwardG thrustG ofG veryG highG vaults,G atG theG timeG ofG
constructionGtheGhighestGinGFrance.G TheGHighGGothicGcathedralGatGChartresGhasGfourG
rectangularGribGvaults,GinsteadGofGsixGsquareGvaults,GasGearlierGGothicGcathedrals.G TheG
supportGstructureGallowedGlargeGstainedGglassGwindowsGandGaGhighGspace.G

17G BACKGROUNDG HistoricGEvolutionG



Florence Cathedral (N1296N-1436)N

ConstructionNofN theN FlorenceNcathedralNSantaN MariaNdelN FioreNbeganNinN1296N inNtheN
GothicNstyle.N InN1366NanNoctagonalNdomeNofN42NmN(138Nft)NspanNwasNlaterNaddedNatNtheN
eastNendNofNtheNnave.N SinceNtheNdomeNstartsN54NmN(177Nft)NaboveNgroundNitNwouldNhaveN
beenNdifficultNtoNfindNtimberNlongNenoughNtoNsupportNformworkNatNsuchNaNheight.N TheN
domeNwasNnotNbuiltNuntilNtheNearlyN15thNcentury,NwhenNFilippoNBrunelleschi,NaNgoldsmithN
andN sculptor,N proposedN buildingN theN domeN withoutN formwork.N ToN demonstrateN hisN
methodNBerunelleschiNbuiltNaN1:N12NmodelNinNbrick.N HisNdesignNwasNacceptedNandNbuiltN
underN hisN supervisionN fromN 1420N toN 1436.N TheN bricksN wereN laidN onNslopingN beds,N
perpendicularNtoNtheNlineNofNthrust.N EachNlayerNofNbricksNwasNstableNafterNcompletingNaN
ring.N ToN stabilizeNincompleteNringsNduringNconstruction,N masonsNplacedNsomeNbricksN
uprightNtoNconnectNtheNnextNring,NanNarrangementNknownNasNherring-boneNpattern.N TheN
domeNhasNaNuniqueNform,N approximatingNaNparabolicNprofile,NtheNidealNfunicularNwhichN
alsoN reducesN lateralN thrustNatNtheNbase.N TheNtopNisNpointedNinNresponseNtoNtheNpointN
loadNofNtheNlanternNabove.N ToNincreaseNtheNdomeNthicknessNtoNresistNbucklingNwithoutN
increasingN deadNweight,N theN domeNconsistsNofNtwoNshellsNjoinedNbyNradialNandNhoopN
ribs.N TheNribsNofNstoneNresistNcompressionNandNtransferNshearNfromNinnerNtoNouterNshell.N
HoweverNoneNhoopNribNnearNtheNbaseNisNofNwoodNtoNresistNtheNtensileNhoopNforceNatNtheN
base.N TheN domeN ofN FlorenceN demonstratesN Brinelleschi'sN geniusN longN beforeN theN
formalNdevelopmentNofNtheNrespectiveNstaticNtheory.N
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St Peter's Dome, RomeB(1546-90)B

TheBdomeBconceivedBbyBDonatoBBramanteBatBtheBoutsetBinB1503BwasBdesignedBwithBaB
singleBmasonryBshellBthatBwasBdiscoveredBnotBtoBbeBfeasible.BSanBGalloBdesignedBtheB
doubleBshell,BandBMichelangeloBimprovedBit.B TheBactualBdomeBwasBbuiltBbetweenB1585B
andB 1590B byB architectB GiacomoB dellaB PortaB andB engineerB DomenicoB Fontana.B
FontanaBbuiltBtheBlanternBonBtopBofBtheBdomeBtheBfollowingByear.B SimilarBtoBtheBdomeBofB
Florence,BtheBdomeBofBStBPetersBconsistsBofBtwoBbrickBshellsBapproximatingBaBparabolicB
profile.B TheBoriginalBironBtensionBringsBplacedBnearBtheBdomeBbaseBwereBapparentlyB
insufficient.B AfterB seriousB cracksB appearedB byB theB 18thB centuryB engineersB addedB
severalBmoreBtensionBringsBtoBresistBtheBoutwardBthrustBatBtheBdomeBbase.B TheBdomeB
risesBaboveBaBringBofB twinBCorinthianBcolumns.B FourBlargeBpiers,BinitiallyBdesignedBforB
Bramante'sBheavyBsingleBmasonryBshell,BsupportBtheBdome.B
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Philibert de L'Orme wood dome (1561)J

TheJFrenchJarchitectJPhilibertJdeJL'OrmeJwasJbornJaboutJ1512JandJdiedJ1570.J InJhisJ
youthJ heJwentJ toJRomeJandJwouldJ probablyJhaveJ remainedJ thereJ ifJaJ cardinalJandJ
othersJdidJnotJurgeJhimJtoJreturnJtoJhisJnativeJLyonJinJ1536.J InJRomeJheJprobablyJwasJ
inspiredJbyJdomes.J InJ1561JheJpublishedJhisJ inventionJ ofJwoodJdomesJassembledJ
fromJshortJwoodJboards.J HisJobjectiveJwasJ toJ reduceJweightJandJthrustJonJsupportJ
structuresJbyJaJlightweightJdomeJofJsmallJwoodJboardsJ insteadJofJheavyJmasonryJorJ
concrete.J HisJdomesJconsistJofJradialJribsJbracedJbyJringJgirths.J TheJribsJconsistJofJ
twoJtoJthreeJboardsJnailedJtogether.J TheJringJgirthsJconsistJofJalternatingJsingleJandJ
twinJboards,JjoinedJtoJ theJ ribsJbyJbrackets.J SingleJgirthsJpassJthroughJtheJribs,JbutJ
twinJgirthsJareJattachedJtoJ bothJ sidesJ ofJ ribsJ toJ resistJ ribJtwisting.JDeJL'OrmeJbuiltJ
severalJdomesJwithJ hisJ invention.J However,J noneJ ofJ themJ stillJexists.J HisJ largestJ
domeJforJtheJMuetteJCastleJspansJ17mJ(56Jft).J TheJdesignJheJproposedJforJaJbasilicaJ
wouldJhaveJcoveredJ78x48JmJ(256x158Jft).J AtJleftJisJGeorgeJMoller'sJdesignJforJtheJ
LudwigJChurchJinJDarmstadt,JGermanyJthatJfeaturesJaJ33JmJ(108Jft)Jspan.J

20J BACKGROUNDJ HistoricJEvolutionJ



Coalbrookdale Bridge (1775-79) 

Architect: Thomas Pritchard 

Designer: Abraham Darby Ill 

In 1773, Thomas Pritchard proposed an arch bridge to span the Severn Gorge; but 
Pritchard died in 1777 before the bridge was built. Local businessmen commissioned 
Abraham Darby, a local ironmaster, to build the bridge. Darby's bridge was the first 
bridge entirely of cast iron. As owner of an iron mill, Darby built the bridge to advertise 
the use of cast iron for structures. The bridge spans 100 ft (30.5 m) assembled of 
prefab elements put together in three months without obstructing river boat traffic. 
When the bridge was complete, artists, writers, and engineers came from all over the 
world to admire the unique design. Assembled of discrete elements, the bridge is an 
important contribution to the process of prefabrication which evolved during the 
Industrial Revolution. The arch resists load primarily in compression, an important 
factor since cast iron is weak in tension. The bridge is considered a British National 
Monument. 

Garabit Viaduct ( 1880-84) 

Engineer/builder: Gustave Eiffel 

The Garabit Valley in France's Massive Central prevented railroads from reaching 
southern France until Gustave Eiffel found a solution to bridge it. Compared to a solid 
girder bridge, Eiffel's iron truss arch reduced wind pressure and bending but increased 
stiffness. The arch form resists load primarily in compression rather than less efficient 
bending. The triangular truss panels provide stiffness and minimize wind load due to 
openness. With a length of 565 m (1854 ft) and an arch span of 165 m ( 542 ft), the 
viaduct was a major engineering achievement for its time. 
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Suspension Structures (after Richard Gensert)

Ancient suspension bridges in China and South America date back as far as 1350. 
Early pedestrian suspension bridges had the road bed directly attached to suspension 
ropes and required dead load to resist wind uplift. 

Min River Bridge, China (1803) 

The Min River bridge in Szechwan, China, a fiber rope suspension bridge, has a total 
length of 551 m (1808 ft), with two intermittent wood pylons. 
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Top: Pampas River Bridge, Peru 

Bottom: Apurimac River Bridge, Peru (1350 AD) 
(lnka bridge, 45 m (148 ft) span, lasted 540 years) 
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Nishni Nowgorod Exhibit pavilion (1896)M

Engineer:MVladimirMSuchovM

TheMgreatMRussianMengineerMSuchovMdesignedMthisMfirstManticlasticMroofMforMaMcircularM
pavilionM (oneM ofM fourM pavilionsM byM Suchov)M forM theM 1896M RussianM exhibitM atM NishniM
Nowgorod.M TheMconfigurationMofMnearlyMstraightMcablesMgeneratesManManticlasticMroofM
curvature,M similarM toM aMparabolicM paraboloid.M TheM tensionM roofM netM extendsM fromMaM
peripheralMcompressionMringMofM68MmM(223Mft)MdiameterMtoManMinnerMtensionMringMofM25MmM
(82Mft)MsupportedMbyMposts.M TheMroofMnetMconsistsMofMaMmeshMofM640MsteelMbands,MjoinedM
byM rivetsM atM theirM intersections.M Suchov'sM visionaryM designM ofM thisM anticlasticM roofM
providedMstabilityMforMbothMgravityMloadMandMwindMuplift.M VladimirMGrigorievichMSuchov,M
1853MtoM1939,MwasMaMcreativeMandMvisionaryMengineer.M AfterMhisMengineeringMeducationM
atMtheMMoscowMTechnicalMUniversity,MheMparticipatedMinManMexcursionMtoMtheMUSMinM1876.M
InM1878MSukhovMmovedMtoMBakuMtoMworkMinMoilMdepositsMandMasMchiefMengineerMforMtheM
firstM pipelineM inMRussia.M InM 1878M heM developedM aM cylindricalM oilM storageM reservoir,M
followedMbyMseveralMotherMinventions,MrelatedMtoMoilMexploration.M AboutM1885MShukhovM
beganM toM buildM theM firstMRussianM tankers.M FromM 1886-89M ShukhovMwithM colleaguesM
developedMMoscow'sMnewMwaterMsupplyMsystem.M InM1892MShukhovMbuiltMhisMfirstMrailwayM
bridgesM andMstartedM theMdevelopmentM ofM roofM structures.M HeMdesignedM largeM glassM
vaultsMforMtheMGUMMdepartmentMstoreMandMtheMMoscowMrailMstation.M
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TheX inherentX beautyX ofX suspensionX bridgesX isX becauseX theyX representX theX globalX
bendingXmomentXandXthusXeliminateXbending,XbutXclearlyXexpressXtheXforcesXactingXonX
them.X TheX firstX suspensionX bridgeX withX flatX roadbedX toX allowX vehicularX trafficXwasX
patentedX inX1808XbyX JamesX Finley,X aXjudge.X EarlyX flatbedX suspensionX bridgesX hadX
chainX linkX "cables,"X untilX JohnX RoeblingX developedX aX techniqueX toX spinX suspensionX
cablesXonXsiteXandXusedXitXfirstXtoXbuildXtheXAlleghenyXandXMonongahelaXRiverXbridgesX
inXPennsylvaniaXthenXtheXNiagaraXandXBrooklynXbridgesXinXNewXYork.X JohnXRoblingX
wasX bornX 1806X inX MOlhausen,X GermanyX andX studiedX engineeringX atX theX RoyalX
PolytechnicXschoolXofXBerlinXbeforeXemigratingXtoXtheXUnitedXStates.X

1X&X2 Chain-link Bridge Budapest (1842-49)X

DesignedXbyXtheXEnglishXengineerXTXWXClark,XtheXchain-linkXbridgeXofXBudapestXwasX
theXfirstXbridgeXtoXspanXtheXDanubeXriver,XconnectingXtheXtwoXcityXpartsXBudaXandXPest.X
TheXbridgeXisX380XmX(1247Xft)Xlong.X

3 Golden Gate Bridge San Francisco (1933-37)X

DesignedXbyXJXStrausXandXCXEllis,X theXGoldenXGateXbridgeXofXSanXFranciscoXhasXaX
mainXspanXofX4200XfeetX(1280Xm)XbetweenXtheXtwoXtowers.X ItXwasXbuiltXusingXtheXsameX
techniqueXofXmakingXsuspensionXcablesXonXsiteXinventedXbyXJohnXRobling.XTheXRoblingX
companyXactuallyXfabricatedXtheXGoldenXGateXBridgeXcables.X

PhotoXcourtesyXRichXNiewiroskiXJr.X
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Truss 

TheLevolutionLofLtrussesLstartedLwithLroofLtrusses,LbasedLonLtheLconceptLofLtriangularL
panelsL ofL intrinsicL stability.L TheL developmentL ofL long-spanL trussesL isL creditedL toL
PalladioL withL hisL designL ofL theLCimoneLRiverLbridge.L TheLdevelopmentLacceleratedL
duringLtheL19th century,LwithLtheLdevelopmentLofLtheLWarren,LPrattLandLotherLtrusses.L

Cimone River bridge by Palladio (16th century)L30LmL(98Lft)LspanL

Parabolic trusses by Ludwig Laves (1840)L

UnderL uniformL loadL theL parabolicL trussL resultsL inL uniformLstressL inL topL andLbottomL
chordsLandLnoLstressLinLtheLverticalLandLdiagonalLwebLbars.L However,LwebLbarsLareL
neededLtoLpreventLchordLbarLbucklingLandLresistLnon-uniformLload.L InLresponseLtoLtopL
compressionL andL bottomL tension,L bothL trussesL haveL largeL topL chordsL andL smallL
bottomLchords.L

Wood truss Manege, Moscow (1823- 24)L

Engineer:LBetancourtL

WithL45.7LmL (150Lft)LspanLthisLroofLtrussLwasLtheLfirstLstructureLafterL17LcenturiesLtoL
exceedLtheLPantheonLspanLofL43.3LmL(142Lft).L
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Crystal Palace, London (1851)L

JohnLPaxton,LaLgardener,LdesignedLtheLCrystalLPalaceLforLtheLInternationalLExhibitionL
ofL 1851L inL London.L TheL exhibitionL wasL toL showcaseL theL industrial,L militaryL andL
economicLachievementsLofLGreatLBritain.L JohnLPaxtonLusedLhisLexperienceLofLbuildingL
glassL greenL housesL forL theL CrystalL Palace.L PrefabricatedL partsL facilitatedL rapidL
assemblyLandLpioneeredLaLnewLmethodLtoLassembleLprefabLpartsLratherLthanLbuildingL
withL traditionalL siteL construction.L IdenticalL prefabL panelsL ofL triangularLconfigurationL
wereLassembledLintoLlong-spanLtrusses.L TheLlightnessLofLtheseLtrussesLcoveredLwithL
glassLcreatedLaLnewLsenseLofLgrandLopenLspacesLdevisedLbyLindustrialLmethods.L

,:!!!!i!'.::;;;;;;::55:;:�;;;;EE:i.'.:S!Ef� 

Galerie des Machines Paris (1887L- 89)L

DesignedLbyLFerdinandLDutert,LCharlesLLeonLandLStephenLSauvestre,LtheLGalerieLdesL
MachinesLforLtheL1889LInternationalL ExhibitL inLParisLwasLtheLFrenchLresponseLtoLtheL
CrystalLPalaceLofLtheL1851LLondonLexhibition.L TheLsizeL ofL115LxL420LmL(377Lx1378Lft)L
wasL anL enormousL spanL forL theL time.L TheL three-hingeL frameL allowedL thermalL
expansionLandLunevenLsettlementLwithoutLcausingLsecondaryLstress.L TheLthree-hingeL
conceptL wasL widelyL usedL inL 19th centuryL railroadL stationsL andL isL stillL usedL inL
contemporaryLfacilities,LsuchLasLtheLWaterlooLstationLinLLondon.L

26L BACKGROUNDL HistoricLEvolutionL



Skyscraper 
Eiffel Tower, Paris (1887- 89) 

The Eiffel Tower, designed by Gustave Eiffel, evoked much controversy in the artistic 
community due to its unusual form and material, replacing traditional stone with iron. 
However, the form was a logical response to global bending under lateral wind load, 
since iron reduced the weight and thus gravity load compared to stone. The open 
truss also reduced exposure to wind, and the triangular structure provided stiffness for 
reduced drift. The Eiffel Tower rises to a height of 324 m (1063 ft), the tallest structure 
for about 40 years. The broad base provides stability; the narrow top reduces wind 
load. Two belt trusses joining four parabolic tower segments transfer global shear to 
engage the tower in tension and compression on the windward and leeward sides 
respectively. 

Ulm cathedral (1377 -1890) 
With a height of 161.53 m (530 ft), the tallest church steeple in the world, the Ulm 
cathedral, prominently located at the city center of Ulm, Germany, is a famous 
example of Gothic architecture. Built of sandstone masonry, buttresses on both sides 
of the tower provide lateral stability. 
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High-rise development 

High-rise buildings were made possible primarily by two developments: 

steel skeleton, and elevators with automatic safety breaks (invented by Otis, 1853) 

Top left-to-right: 

• Home Insurance Company, Chicago (1883-1885)

Architect: William Le Baron Jenney

10 stories, 180 feet (55 m), first steel skeleton structure, masonry cladding

• Monadnock Building, Chicago (1891)

Architect: Burnham and Root

16 stories (the last tall building in Chicago with load bearing walls)

• Carson, Pirie, Scott Department Store, Chicago (1899)

Architect: Louis Sullivan

12 stories (initially 9 stories, 3 stories added 1903)

Bottom left-to-right: 

• Woolworth Building, New York (1911 -13)

Architect: Cass Gilbert

52 stories, 792 feet (241 m)

• Rockefeller Center, New York (1931 -40)

Architect: Hofmeister, Corbett, Hood

70 stories, 850 feet (259 m)

• Chrysler Building, New York (1930)

Architect: William Van Allen

85 stories, 1046 feet (319 m)

replaced 1931 as tallest building by the Empire State Building of 1250 ft (381 m)
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Load 

Understanding loads on buildings is essential for structural design and a major factor 
in defining structural requirements. Load may be static, like furniture, or dynamic, like 
earthquakes, or impact load, like a car hitting a building. Load may also be man­
made, like equipment, or natural like snow or wind load. Although actual load is 
unpredictable, design loads are usually based on statistical probability. Tributary load 
is the load imposed on a structural element, like a beam or column, used to design the 
element. All of these aspects are described in this chapter. 
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Introduction 

Structures must resist various loads, classified as follows: 

Dead load (DL) *: structure and permanently attached items (table 2.1) 

2 Live load (LL)*: unattached items, like people, furniture, snow, etc (table 2.2) 

3 Distributed load (random - snow drift, etc.) 

4 Uniform load (uniform distribution) 

5 Point load (concentrated load, like posts, etc.) 

6 Uniform load on partial beam, more critical than full load 

7 Negative bending over support reduces positive bending 

8 Static load (load at rest) 

9 Impact load (moving object hitting a structure) 

10 Dynamic load (cyclic loads, like earthquakes, wind gusts, etc.) 

Wind and earthquakes are lateral loads (loads that act primarily horizontally) 

Classification as DL and LL is due to the following: 

• Seismic load = mass x acceleration (mass is primarily DL)

• Dead load can resist overturning

• Permanent DL can cause material fatigue

• DL deflection may be compensated by a camper (upward deflection)

• On beams with more than two supports partial load may be more critical

than full load; thus LL is only considered if it is more critical

Dead Load (table 2.1) 

Dead load is the weight of the structure itself and items permanently attached. 

Dead load defines the building mass for seismic design. Approximate dead loads are: 

• Wood platform framing: 14 psf (671 Pa)

• Wood platform framing with lightweight concrete: 28 psf (1.2 kPa)

• Steel framing with concrete deck: 54 to 124 psf (-3-6 kPa)

• Concrete framing 120 to 200 psf (-6-10 kPa)
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Table 2.1. Material weight Table 2.1. Material weight - continued 

Weight by volume US units SI units Weight by area psf Pa 

Masonry / concrete I etc. pcf kg/ dm3 Gypsum board, 5/8" (16 mm) 2.5 120 

Brick 120 1.92 Stucco, 7/8" (22 mm) 8 383 

Concrete masonry units ( CMU) 100 1.60 Acoustic tile, ½" 0.8 38 

Light-weight CMU 60 0.96 Ceramic tile, 1/4" (6.3 mm) 2.5 120 

Concrete 150 2.40 Glass 

Vermiculite concrete 25 - 60 0.40-0.96 Sheet glass, 1/8" (3 mm) 1.5 72 

Gravel / sand 90-120 1.44-1.92 Sheet glass, ¼" (6 mm) 3 144 

Soil 75-115 1.20-1.84 Glass block, 4" (102 mm) 20 958 

Water at 4 ° C 62.4 1.00 Roof material 

Metals Built- up roof 7 335 

Aluminum 165 2.64 Clay I concrete tiles 13-20 622-958

Cast iron 450 7.21 Metal 1-3 48-144

Steel 485 7.77 Shingles 3 144 

Stainless steel 492-510 7.88-8.17 Single ply roof/ fabric roof 1-2 48-06

Copper 556 8.91 Industrial fabric (PVC , fiber glass) 1-2 48-96

Lead 710 11.37 Steel floor constructions 

Stone Steel deck/ concrete slab, 6" (15 mm) 20-60 1915-2873 

Granite/ slate 175 2.81 Suspended ceiling 2 96 

Lime stone / marble 165 2.64 Floor finish 2 96 

Sandstone 150 2.40 Steel framing ( varies with height) 10-40 479-1916

Wood Partitions ( required by code) 20 958 

Cedar 22 0.35 Total 54-124 2587-5940 

Douglas fir 34 0.55 Wood platform framing 

Oak 47 0.75 Wood platform framing +floor/ ceiling 14 670 

Pine, white 25 0.40 Light-weight concrete option 14 670 

Redwood 28 0.45 Total (with and without concrete) 14-28 670-1341
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IBC table 1607.1 excerpts. Minimum uniform live load 

Use or Occupancy Pounds / ft2 

Category Description psf 

Office use 50 
Access floors 

Computer use 100 

Fixed seating 50 
Auditoria and 

Movable seating 100 
Assembly areas 

Stage 125 

Storage and repair 100 
Garages 

Private 50 

Hospitals Wards and rooms 40 

Reading room 60 
Libraries 

Stack room 125 

Light 75 
Manufacturing 

Heavy 125 

Offices 50 

Press room 150 
Printing plants 

Composing, etc. 100 

Basic floor area 40 
Residential 

Exterior balconies 60 

Reviewing stands, etc. 100 

Schools Classrooms 40 

Sidewalks and driveways Public access 250 

Light 125 
Storage 

Heavy 250 

Stores 100 

Pedestrian bridges 100 

kPa 

kPa 

2.39 

4.79 

2.39 

4.79 

5.99 

4.79 

2.39 

1.92 

2.87 

5.99 

3.59 

5.99 

2.39 

7.18 

4.79 

1.92 

2.87 

4.79 

1.92 

11.97 

5.99 

11.97 

4.79 

4.79 

Live Load 

IBC table 1607.1 defines live loads for various occupancies. Except for live load >100 
psf (4.79 kPa) these loads may be reduced for large tributary areas as follows: 

R = r (A - 150) (A= tributary area) 

R = r (A- 14) [for SI units] 

Reductions R shall not exceed 

• 40% for horizontal members

• 60% for vertical members

• R = 23.1(1+D/L)

R = reduction in percent

r = 0.08 for floors

A = tributary area in square foot (m2)

D = dead load

L = unreduced live load per square foot (m2)

Roof Load 

Roof loads are defined by IBC 

• Wind load per IBC 1609

• Snow load per IBC 1608

• Minimum roof loads:

Roof tYQe

Awnings and canopies 

Green houses 

Landscaped roofs (soil + landscaping as DL) 

QSf 

5 

10 

20 

General flat, pitched, and curved roofs Lr Lr 

Lr = 20 R1 / R2 

For SI units 

R1 = 1 

R1 = 0.6 

for A� 200 sq. ft 

for A� 600 sq. ft 

R2 = 1 for slopes � 1 :3 

R2 = 0.6 for slopes � 1: 1 

See IBC1607.11 for other R1 and R2 factors 

Pa 

240 

479 

958 

12 <Lr< 20 

0.58 < Lr< 0.96 

for A� 19 m2 

for A� 56 m2 

� 18° 

� 45° 
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Seismic load 

Earthquakes cause horizontal and vertical ground shaking. The horizontal (lateral) 
shaking is usually most critical on buildings. Earthquakes are caused by slippage of 
seismic fault lines or volcanic eruption. Fault slippage occurs when the stress caused 
by differential movement exceeds the soil shear capacity. Differential movement 
occurs primarily at the intersection of tectonic plates, such as the San Andreas fault 
which separates the pacific plate from the US continental plate. Earthquake intensity 
is greatest after a long accumulation of fault stress. Seismic waves propagate 
generally in radial patterns, much like a stone thrown in water causes radial waves. 
The radial patterns imply shaking primarily vertical above the source and primarily 
horizontal with distance. The horizontal shaking usually dominates and is most critical 
on buildings. Although earthquakes are dynamic phenomena, their effect may be 
treated as equivalent static force acting at the base of buildings. This lateral force, 
called base shear, is basically governed by Newton's law: 

f=m a (force= mass x acceleration) 

Base shear is dampened by ductility, a structure's capacity to absorb energy through 
elastic deformation. Ductile structures deform much like flowers in the wind, yet brittle 
(non-ductile) structures sustain greater inertia forces. Steel moment resisting frames 
are ductile, though some shear walls are brittle. In earthquake prone areas seismic 
base shear as percentage of mass is approximately: 

• - 4 % for tall ductile moment frames

• - 10 % for low-rise ductile moment frames

• - 15 % for plywood shear walls

• - 20 to 30 % for stiff shear walls

Fault rupture/ wave propagation (vertical above rupture, lateral at distance)

2 Lateral slip fault

3 Thrust fault

4 Building overturning

5 Base shear

6 Bending deformation (first mode)

7 Bending deformation (higher mode)

E Epicenter (earthquake source above ground)

H Hyper Center (actual earthquake source under ground)
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Wind load (see also Lateral Force Design) 

Wind causes lateral load, much like earthquakes. But while seismic load is dynamic, 
wind load is usually static, except gusty wind and wind on flexible structures. In 
addition to pressure on the side facing the wind (wind side), wind also causes suction 
on the opposite side (lee side) and uplifting on roofs. Wind pressure on buildings 
increases with velocity, height and exposure. IBC Figure 16-1 gives wind velocity. 
Velocity wind pressure (33 feet, 10 m above the ground) is: 

q = 0.00256 V2 (H/33)211

q = velocity pressure in psf 

V = velocity in mph 

H = height in feet 

[1 psf = 47.9 Pa] 

[1 mph= 1.609 km/h] 

[1 ft= 0.305 m] 

The actual wind pressure P is the velocity pressure q times adjustment factors based 
on empirical data for type of exposure, orientation, and peak pressure along edges, 
roof ridge. IBC defines three exposures and two design methods: 

• ExposureB (sites protected by buildings or a forest)

• Exposure C ( open sites outside cities)

• ExposureD (sites near an ocean or large lake)

• Method 1 Simplified design (for buildings $ 60 ft high) 

• Method 2 Analytical procedure 

Depending on location, height, and exposure, wind pressure ranges from 10-110 psf 
(0.5 to 5 kPa). For moderate wind, schematic design is usually based on -30 psf. 

Design objectives for wind load: 

• Maximize mass to resist uplift

• Maximize stiffness to reduce drift

1 Wind load on gabled building (left pressure, right suction)

2 Wind load on dome or vault (left pressure, right suction)

3 Buildings within cities are protected by other buildings

4 Tall building exposed to full wind pressure

5 Wind on wide fa9ade is more critical than on narrow facade

6 Building forms increase wind speed
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Tributary load and load path 
TributaryQ loadQ isQ theQ loadQactingQ onQanyQ element,Q likeQaQbeam,Q column,Q slab,Q wall,Q
foundation,Qetc.Q TributaryQloadQisQneededQtoQdesignQ/QanalyzeQanyQelement.Q

LoadQpathQisQtheQpathQloadQtravelsQfromQwhereQitQoriginatesQonQaQstructureQtoQwhereQitQisQ
ultimatelyQresistedQ(usuallyQtheQfoundation).Q ItQisQessentialQtoQdefineQtheQtributaryQload.Q

The following examples illustrate tributary load and load path 

SimpleQbeamQ/Q2Q columnsQ

AssumeQ

UniformQbeamQloadQwQ= 200Q plfQ

BeamQspanQLQ= 30'Q

FindQ

LoadQpath:Qbeam/QpostQ

TributaryQload:QReactionsQatQcolumnsQAQandQBQ

RaQ= RbQ= RQ= wQL/2Q

RQ= 200x30/2Q = 3000#Q

ConvertQpoundsQtoQkipQ

RQ= 3000#/1000Q

2Q TwoQbeams/QthreeQpostsQ

AssumeQ

UniformQbeamQloadQwQ= 2Q kifQ

BeamQspansQLQ1Q = 10',QL2Q = 20'Q

FindQ

LoadQpath:QbeamQ/QpostQ

TributaryQload:QReactionsQatQpostsQA,QB,QCQ

Ra = 2x10/2Q

Rb = 2(10+20)/2Q

Re = 2x20/2Q

35Q BACKGROUNDQ LoadQ

RQ=Q3 .0Q kQ

Ra = 10Q kQ

Rb = 30Q kQ

Re = 20Q kQ



3 R, 

Deck I joist I beam I post 

Assume 

Uniform load 

Joist spacing 

Joist span 

Beam spans 

Find load path and tributary load 

Load path 

Plywood deck I joist/ beam / columns 

Tributary loads 

Joist load 

wi = w e = 80 psf x 2' 

Beam load (assume uniform load due to narrow joist spacing) 

Wb = 80 psf L 1/2 = 80 psf x 12' /2 

Column reaction 

Ra = Wb L2 / 2 = 480 plf x 10 /2 

Rb = Wb (L2+L3)/2 = 480 (10+20) / 2 

Re = Wb L3 / 2 = 480 x 20 / 2 
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w = 80 psf 

e = 2' 

L1 = 12' 

L2 = 1 O' 

L3 = 20' 

Wj = 160 plf 

Wb = 480 plf 

Ra = 2,400 # 

Rb = 7,200 # 

Re = 4,800 # 



One-story concrete structure 
Assume 

Lx = 30', Lxc = 34', Ly = 25' 

Roofing 

Ceiling 

1 O" concrete slab at 150 gcf x10"/12" 

Dead load 

Live load 

Total load 

Post size 1' x1' (center line to post edge = 0.5') 

Post reactions A, B, C, D 

Ra = 150 psf (30+ 34 )/2 (25) 

Rb = 150 (30+34)/2 (25/2+0.5) 

Re = 150 (30/2+0.5) (25) 

Rd = 150 (30/2+0.5) (25/2+0.5) 

... ·· ......... , ..... .-: ........... _. ..... , .. :·: ....... c··: ::.:: .. �··· ,,........ •• A •• ··� .,-,::·::·�--- . . . .... · :::·'·:::: .... . . ..... :::·-···· ............ ·· .. :, ;• 

Three-story concrete structure 
Roof dead load DL = 150 psf 

Floor live load (office) LL = 50 psf 

3 psf Total w = 200 psf 

2 psf Post size, 2'x2' (post center to building edge = 2/2 =1 ') 

125 psf Level 2 reactions w = 150 ps0 

DL = 130 psf Ra = 150 psf (30+34 )/2 (25) =150 X 800 Ra = 120,000 # 

LL = 20 psf Rb = 150 (30+34)/2 (25/2+1) =150 X 432 Rb = 64,800 # 

I = 150 psf Re = 150 (30/2+ 1) (25) =150 X 400 Re = 60,000 # 

Rd = 150 (30/2+1) (25/2+1) =150 X 216 Rd = 32,400 # 

Level 1 reactions w = 150+200 w = 350 psf 

Ra = 120,000 # Ra = 350 X 800 Ra = 280,000 # 

Rb = 62,400 # Rb = 350 x 432 Rb = 151,200# 

Re = 58,125# Re = 350 x 400 Re = 140,000 # 

Rd = 30,225 # Rd = 350 x 216 Rd = 75,600 # 

Level O reactions w = 150+200+200 w = 550 psf 

Ra = 550 x 800 Ra = 440,000 # 

Rb = 550 x 432 Rb = 237,600 # 

Re = 550 X 400 Re = 220,000 # 

Rd = 550 x 216 Rd = 118,800# 
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Concrete slab / wall / footing I soil 

Assume: 

Allowable soil pressure 2000 psf (stiff soil) 

Concrete slab, 9.6" thick 

Slab length L = 20' 

Wall height h = 1 O' 

8" CMU wall, 10' high at 80 psf (CMU = Concrete Masonry Units) 

(8" nominal= 7 5/8" = 7.625" actual) 

Concrete footing 2' x 1 'at 150 pcf 

Loads 

DL = 120 psf 

LL= 20 psf 

L = 140 psf 

(150 pcf X 9.6"/12") 

(roof load) 

Find load path und tributary load 

Load Path: slab / wall / footing / soil 

Tributary load: analyze a 2ft wide strip (1 meter in SI units) 

Slab load 

w = 140psf x 20 I 2 

CMU wall load 

w = 80 psfx 10' 

Footing load 

W = 150 pcf X 2'x 1' 

Total load on soil 

P = 1400 + 800 + 300 

Soil pressure 

f = P/A = 2500 # / 2' 
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w = 1400 # 

w = 800 # 

w = 300 # 

P = 2500 # 

f =1250 psf 

1250 < 2000, OK 



1 Concrete slab / wall 

Slab span L = 20', t = 8" thick 

Uniform load I= LL+ DL = 50 psf + 120 psf I = 170 psf 

Slab load on wall 

W = 170 psf X 20'/2 w =1700 plf 

2 Joist roof/ wall 

2x12 wood joists at 24", span L = 18' 

2 
- Uniform load I =LL+ DL = 30 psf + 20 psf I= 50 psf 

Load on wall (per linear foot of wall ) 

W = 50 psf X 18'/2 w = 450 plf 

3 Concrete slab / beam / wall 

Beams at 1 O', span L = 30' 

Uniform load L = LL + DL = 20 psf + 70 psf L = 90 psf 

Beam load w = 90 psf x1 O' / 1000 w = 0.9 kif 

Beam reaction R = 0.9 kif x 30' / 2 R= 13.5k 

4 Concrete slab on metal deck / joist/ beam 

Spans: deck L = 8', joist L = 20', beam L=40' 

Uniform load I =LL+ DL = 40 psf + 60 psf I= 100 psf 
4 Joist load w = 100 psf x 8' / 1000 w = 0.8 kif 

Beam point loads P = 0.8 kif x 20' P = 16 k 

Beam reaction R = 4 P /2 = 4 x 16 k / 2 R = 32 k 

5 Concrete slab on metal deck/ joist/ beam / girder 

Spans: deck L = 5', joist L = 20', beam L= 40', girder L = 60' 

Uniform load I= LL+ DL = 50 psf + 50 psf I= 100 psf 

Uniform joist load w = 100 psf x 5'/1000 w = 0.5 kif 

Beam point loads P = 0.5 kif x 20' P = 10 k 

Girder point loads P = 7 x 10 k/2 P = 35 k 

Column reaction R = ( 100 psf/1000) x 40' x 60'/4 R = 60 k 

� 
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Wind load resisted by shear wall 

Three-story building 

2 Exploded visualization 

3 Building dimensions 

A Wind Wall 

B Roof and floor diaphragms 

C Shear walls 

Assume: 

Wind pressure P = 20 psf 

Load path 

Wind wall > diaphragms > shear walls > footings 

Force per level 

Roof force F3 

F3 = 20 psf X 100' X 5'/1000 

Level 2 force F2 

F2 = 20 psfx 100' x 10'/1000 

Level 1 force F 1 

F1 = 20 psf X 100' X 10'/1000 

Shear per wall (2 shear walls) 

Level 2 

V2 = (F3)/2 = (10 k) / 2 

Level 1 

V1 = (F3+F2)/2 =(10 k + 20 k) / 2 

Level 0 

VO= (F2+F1+F0) / 2  = (10 k + 20 k + 20 k) / 2 

Note: 

• Diaphragms resist half the load from above and below

• Diaphragms transfer load from wind wall to shear walls
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F3 = 10 k 

F2 = 20 k 

F1 = 20 k 

V2 = 5 k 

V1 = 15 k 

VO= 25 k 




