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onumental architecture and the design conceptions on

which it is based inevitably have structure at their very

core. The spacing of columns, dimensions of beams, thickness

of walls, and placement of buttres5s5-drs elements which

define our spatial experience-all require consideration of

stmctural parameters. As a result, the form and the stmcture of

many great monumental works of architecture are tightly

interwoven, so integrated that any attempt to study fbrrn or

style in such buildings must be based on an understanding of

the structural principles at work.

Modern historians exploring earlier building technology

have several options regarding structure, its relationship to

aesthetic developments, and its place in architectural history.

The first is simply to ignore it; a common enough choice with

the development of ar-t and architectural history as a separate

discipline as part of the liberal arts curriculum. For many

historians, however, this is not an entirely satisfactory solution.

Historic builders and designers striving to ensure the integrity

of their constructions had no such luxury; theirworks inevitably

grappled with both structural and aesthetic issues at once.

Alternatively, the researcher may choose to engage this

relationship seriously, relying on his or her knowledge of the

period's construction practices and techniques to interpret the

significance of structural decisions in historic buildings. This,

perhaps, has been the most common approach. For example,

inquiry into the logic of a given structural configuration or

device may provide a mdimentary understanding of a build-

ing's structural performance. With simple structures-and in

this category fall most medieval timber roofs-this practice

may be enough to higtrlight the relationships benveen design

decisions and structural considerations. However, the accurate

determination of a more complex building's structural behav-

ior typically requires the technical knowledge of those trained

in engineering. Hence, in the field of architectural history, this

path has been pursued by only a few.l

Historians may also collaborate with engineers. Unfortu-

nately, the engineering process (along with its specialized
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terrninology and numeric answers to technical questions) has

often discouraged nonengineers fiom active participation in

analysis. Moreover, prior to the development of computer-

aided analysis in the 1960s, engineering had some serious

limitations fbr historical research: Lengthy hand calculations

characterized the process, and to facilitate computation theoreti-

cal stmctural models were often developed on the basis oI'

oversimplified assumptions.2 Finally. as alternative hypotheses

could not quickly be explored for their validity, they were not

generally explored at all.
-l-his 

paper describes the potential of another approach to

structural insight, one in which computer-aided finite element

analysis (FEA) is used to inform historical research directly. FEA

is an intcractive medium effectivc in exploring and discrrssing

structural hypotheses. Wth minimal training, it is accessible to

nonengineers. Its products include output useful to developing

an understanding of a structure's overall behavior and details

concerning the perlbrrnance of its components. Most impor-

tant, by enabling researchers trained in architectural history to

participate directly in the snuctural analysis oI'historic build-

ings, it can highlight the relationships between formal or

aesthetic issues and stmctural developments.

WnsrurNsrnn Hl l r

As an illustration of this method the authors used FEA to

explore the trusses at Westminster Hall. Hugh Herland's

celebrated roof (1395-96) is best knonn for uniting two

hitherto separate roof protoqrps5-1hs hammerbeam and the

arch-brace-and-collar roof-to create a sffucture spanning

one-and-a-half times the distance of any previous timber roof

lFigure 11. It is also famous for its highly decorative traceried

woodwork. How does the truss carry its loads and with what

intentwere its ornamental features employed? This strrrcture of

innovative design and outstanding beauty has been the subject

of a great deal of speculation by historians, engineers, and

architects alike.r

A century of numerous studies, analyses, and debate, how-

ever, has only begun to establish the overall load-bearing

behavior of Herland's complex design. Beginning in l914 with

an exhaustive study by Sir Frank Baines (Baines's Report)
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FIGU RE I : Sir Frank Baines, interior perspective, Westminster Hall roof, from Repart on . . . Westmrnster H oll (19 | 4).
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documenting the condition of the roof tmsses, twentieth-

century investigators have attempted to explain the perfor-

mance of the truss.a As architect in charge of roof restorations

for Westminster Hall (1913-22) Baines was primarily inter-

ested in establishing the viability of the much decayed trusses

and determining the most effective means of reinforcing them.

His analysis of the structure was based primarily on his general

knowledge of hammerbeam and timber*fiame construction.5

In 1926, A.J. Sutton Pippard andW. H. Glanville used theWest-

minster roof as a case study to demonstrate Pippard's pioneer-

ing "strain energy stress analysis" technique.d In 1967, engi-

neersJacques Heyman and Rowland Mainstone each took up

the discussion and questioned which of the principal members

in Herland's roofwere sff'uctural and what consdnrted appropri-

ate assumptions for analysis.T Most recently, in 1987 Robert

Mark and his associates, in collaborationwith Lynn Courtenay,

conducted the first stmctural study of the trusses to combine

both scale model and computer analyses.8 Although all of these

researchers have brought the best of available theory and

science to the task of explaining Herland's remarkable techni-

cal achievement, there is as yet no definitive analysis.e

This study continues this tradition of structural investigation

by bringing state-of-the-art engineering analysis to the problem

ofunderstanding the trusses' structural behavior. It differs fiom

those preceding it, however, in one important respect: it in-

cludes the ornamental tracery in the analysis of possible struc-

tural components[Figure 2]. Either because of the difficulty of

analyzing it with earlier techniques, or because of a bias held by

engineers and historians which has viewed the tracery as purely

omamental, no one has studied the truss in its entirety.l0This is

understandable considering the tracery's slight section in com-

parison to those of the massive principal timbers which charac-

terize the truss. The great arch, for example, composed of three

pegged sections of English oak, is nearly two foot square in

section, lending a powerful presence to the truss. By contrast,

the tracery seen 60 and 80 feet above the floor presents a deli-

cate filigree ofdetail tying together such principal timbers. Each

individual puncheon of the tracery, however, is a sizable timber

in its own right, and at roughly 4 by 9 inches in section is ca-

pable of sustaining thousands of pounds of compressive fbrce.

THn Frxrrn Ernunur Mrrnoo or SrnucruRAl ANALysrs

The creation of the analytical technique now knoum today as

the finite element method (FEM) spanned a century to com-

bine the computational power of the digital computer with

developments in continuum mechanics.ll FEM breaks dorn

any structural system or continuum into submembers (such as

individual truss members or discrete segments of a continuous

vault). Computer algorithms then utilize the spatial informa-

tion locating these discrete elements and the mechanical

properties of their materials to assemble a comprehensive
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FIGURE 2: A. C. Pugin, truss and tracery detais, Westminster HalJ roof, from

SpeomensofGothtc Architecture (1895); section oftracery puncheon added by authors.

model so that an overall structural evaluation can be made (see

Appendix: On the finite element method of analysis).

In the field of'structural engineering, finite element analysis

has rapidly become the standard: it has also been used to study

such diverse phenomena as the stmcture of marine shelled or-

ganisms, stresses in bio-engineered human in-plants, the air flow

around airplane wings and the forces in a suspension bridge.l2

FEA supersedes many of the former methods historians may be

familiar with (including plastic modeling).I3 It is far more

precise, cheaper and provides quicker results. It is also more

flexible: FEA can be used to investigate entire buildings con-

stmcted of any material of known properties (stone, concrete,

unit masonry, steel, iron, or wood) or explore the perfor-

mance of a building's subassemblies (domes, buttresses, or trus-

ses). Finally, because of FEA's computational power, the num-

ber of simplifying assumptions necessary for analysis is greatly

reduced, leading to more accurate results. These sffengths,

which have caused FEA to revolutionize engineering practice.

are equally beneficial to historic structures research, and as a

result FEA is beginning to be used in historical applications. ra

Perhaps the strongest point for historians without formal

training in engineering is that FEA output is graphic and

intuitive. Once the structural model is coded and run on a

computer the user can essentially view the internal structural

workings of the building firsthand, including diagrams of its

TRACERY TREFOIL



deflected shape under loading, the axial forces (running paral-
lel with its members), bending moments, and shear forces
(running perpendicular to the axes of members). A series of
'what if ' games can then be played with the working computer
model. Changes in support or loading assumptions are easily
made and the results quickly obtained. For example, the
numerous alterations made to a Gothic cathedral over the
centuries can be explored (do they reflect formal or strucnral
concerns?). Herein lies the potential of FEA to rransform our
understanding of a historic building flom one which is focused
solely on formal, stylistic, or contextual issues to one in which
the real structural problems addressed by the builders and the
designers of the time are given their appropriateweight.

BurrnrNc rnn FrNrrn ErrrunNr Mourr

Our method of study was to build a finite elemenr model of the
Westminster Hall truss in order to explore its performance and

the possible stmchrral contribution of its tracery. This process
was interactive and included

. building the basic finite element model and using it to
help establish inforrned assumptions about its construc-
tion, loading, and support

. analyzing the structure with and without tracery to isolate
its structural contribution

. interpreting the historical significance of our findings.
The basic FEA model was built in nvo-dimensional Cartesian
space (x andl coordinates), in this case defining the geometry
of the truss and the location ofjoining timbers at "nodes." The
truss members were represented as model "fiame elements,"
given their specific dimensions and material properties in the
original, undecayed truss, and attached to these nodes. With
this model in place we were able to explore the behavior of the
tmss with and without tracery and under varied loading and
support assumptions.
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FIGURE 3: Sir Frank Baines, truss elevation and detail of collar beam, Westminster Hall rool from Reporton . . . Westminster Hotl(1914).
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FIGURE 4: Sir Frank Baines, isometnc views of joints, Westm nster Hall roof, from

ReDorton. . . WestminsterHoll ( 9 14).

Baines's Report and his recently recovered "schedules" (draw-

ings executed in preparation fbr his restoration of the roof)

formed the basis of our model of Herland's 1395-96 truss

lFigura 3-51.rs These resources were supplemented by draw-

ings of the truss and its members inworks byA. C. Pugin and E.

J. Willson, Friedrich Ostendor{, H. Cescinsky, and E. R.

Gribble.l6 The large truss members were typically mortised,

tenoned, and pegged together, forrning stiffjoints capable of

resisting substantial forces. These connections were modeled as

fixed, released, constrained, or partially released, according to

the best mathematical representation for the physical condi-

tion. For example, the composite great arch is pegged together

at many points. This member was modeled as three separate
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FIGURE 5: Sir Frank Banes, sectron and elevation of truss at wall head. Westminster Hall

roof. Schedule no. 27 made in preparation for truss reinforcements. Note the air gap

betweenthe masonry wdland wdl postwrth blocking providing lateral support at rts midpoint,

truss-fiame members constrained to move together at those

pegged points. The connection where the outer laminae of the

great arch pass through monises in the hammer post was

modeled as a rigid moment connection, one capable of trans-

mitting rotational forces to all adjoining elements (see Fig-ure 4,

detail entitled "function between Arch Ribs and Hammer

Beam"). The remainingjoints, with the exception of the truss

connection to the masonry walls, were modeled with three

degrees oflieedom (liee to rotate about the orthogonal z axis

and translate in thexl plane of the truss).

The usefulness of any structural model, with the finite

element model no exception, is dependent on acclrrate assump-

tions conceming its support and loading. Engineering models

are abstractions of the stmctures they represent; and while the

deterrnination of precise stress levels in members may not be

the main issue in the analysis of a historic building, the basic

assumptions must be grounded in the reality of the stmcture.

Butwhat is this reality?

First is the issue of support. A lively debate between engi-

neers over realistic support assumptions fbr the tmss has

effectively been put to rest by the recovery in 1990 of Baines's

schedules.rT During the 1395-96 building campaign the Nor-

man walls were raised and heraldic corbel stones installed

approximately 20 feet below the new wall head, providing

seating at the base of the truss's wall posts. While each truss

appears to bear both on these corbel stones and at the wall

head, many support altematives can be and have been ar-

gued.l8 The contested issue among investigators has been

where the walls resist the outward thrust of the truss. Baines's

schedules provide strong evidence that (contrary to Heyman's

hypotheses) no lateral bearing can occur where the truss

apparendy abuts the inside corner of the wall head. Schedule

27 lFigure 5l shows that the upper half of the wall post was set

several inches away fiom the masonry wall and that as a result



the notch between the hammerbeam and wall post could never

make contact with the wall head.le Further, lateral support of

the wall post is shown to be provided at its base and by blocking

behind its midpoint, at the approximate location of the spring-
ing ofthe great arch. Butwhat ofvertical load bearing? In the

absence of lateral support at the wall head our computer

models indicated little difference in the structural performance

of the truss whether or not the hammerbeam is assumed to bear

the tmss and roof weight on the top of the wall. Hence, we

modeled the fiame of the truss with support in only two
locations: horizontal and vertical support at the wall post's base
(the corbel stone) and horizontal support alone at its approxi-

mate midpoint.2o A thorough and invasive site investigation of

these conditions or more convincing archival evidence could

have resolved the issue of support. Lacking these, FEAwas used

to test the feasibiliry of various hypotheses. In this sense it can
complement traditional forms of historical evidence.

Early investigators' assumptions about loading were varied

and largely arbitrary. In order to simpli$' his analysis Pippard

adopted a pattern of eight point loads for "approximate

l<radings" lFigure 51. Heyman and Mainstone progressively

abstracted Pippard's loading, and Mark, seeking "general

behavior," assumed three equal point loads of l0 metric tons

applied at the attachment points of the ridge member and the

main purlins.2l As illustrated by Viollet-le-Duc in his Dr-

tionnaire raisonni de I'architecture fraryaise lFigure 7], the roof

fiaming consists of many different-sized purlins braced in

various fashions, so that overall, they carry more or less of the

roof load and apply forces to the tmss according to their

stiffness (amows in figure 7 indicate loading points on the

truss). This weight distribution does not result in any regular

patteffr, as suggested previously. Recognizing that stmctures

are sensitive to loading we performed a separate three-

dimensional linite element analysis of the roof to determine a

more accurate load pattern with which to model the tnrss

lFigure 81.22 The results of our roof modeling yielded a more

complex pattern of self-weight and point loads on the truss

lFtgure 9l than that assumed by previous authors. The trussed
purlins were found to carry 72 percent of the roofs vertical

loads to the hammer post and hammerbeam. The ridge and

the upper and lower purlins carry relatively minor forces to

their attachment points on the truss.

Rnsulrs

Using the loading pattern and support conditions described

above we conducted several computer simulations, with and

without the presence of tracery. Our studies reveal several

characteristics of the behavior of the Westminster Hall trusses

and the function of the tracery.

First, the deflected shape diagram indicates what would be

expected: the truss, regardless of the presence or absence of

tracery, sags under loading liom the roof and purlins, exerting

an outward thmst on the walls lFigure 101. The FEA graphic

output exaggerates the deflected shape to emphasize the

direction of movement in the truss and the bowing of its

members. These images of bending deformation are the

contemporary equivalent of the physical scale models Herland

probably used to test the viability of his designs.23 The only
visual description ofthe flow offorces he could have seen when

he pushed on or hung weights Irom these models would have

been those leading to the same types ofdeflections shown in the

FEAimage.

Modern engineers associate trusses and truss behavior with

axial forces only. When the Westminster Hall tnrss is examined

purely fiom the point of axial force flow the tracery exhibits

little structural contribution fFigure 11]. The relative magnitude

of forces running parallel with the truss members is indicated in

the computer image by thicker bands in those areas of greatest

A. PIPPARD B. HEYMAN & MAINSTONE C. MARK

F|GURE5:WestminsterHa|] roof ' t russ|oadingpatternsproposedbypreviou� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Heyman and Rowland Mdnstone ( | 967) and Rowland Mainstone (1967): (Q Robert l'4ark and Huang ( | 987).
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FIGURE 7: E. E. Vollet-le-Duc, detarl offraming, Westminster Hall roof, D icrionnore roisr,ne

( | 854- 1858) Arom, added bythe aLrthors, ndiate points of loadingfrom the roof.

axial force. Compression is displayed solid and tension
hatched.2a As Mainstone predicted and as Mark's experimental
findings later corroborated, axial or compressive forces in the
main members run primarily through the extremely large and
stiff great arches to the corbel stones. The hammerbeam,
acting like a broken collar tie in tension, resisrs some of rhe
roofs outward thrust. The presence of tracery has negligible
effect on the overall pattern of axial force distribution. The
puncheons all carry axial compression (the only type of force
they are detailed to carry), slightly reducing the axial force in
the queen posts and the hammer post.

When bending is considered, however, a different under-
standing of the tracery emerges. A member, bowed under
external forces, experiences internal tensile and compressive
stresses in its outermost fibers. The greater the bowing of the
member, the greater these stresses. Figrre l2 depicts bending
moments in the tmss with (left) and without (righQ tracery. The
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FIGURE 8: Westminster Hall roof, framing schematic. A three-dimensional f lnite

element model was built based on this schematic to determine the truss ioad pattern

(see Fig. 9). Note the flve points of connection where roof members apply point oads

to the truss. FIGURE 9: Westmrnster Hall, roof, support and loading diagram for trusses

per Baines's Schedule no. 27 and authors'3-D flnite element model ofthe roofstructure.

FEA software used in this study depicts areas of greater bending
with more hatching, plotting bending on the concave or
compressive side of the bowed member. Many of the truss's
members experience bending. These are not insignificant
secondary forces but produce maximum stress levels equal to
four times those of axial. The tracery absorbs and redistributes
loads fiom the surrounding principal members. Consider
again Herland's likely design process. PercyJ. Waldram noted:



When Hugh Herland . . . desigred the Westminster Hall roof he did not

look up textbooks on structural mechanics. . . . His textbooks and stress

diagrams were his innumerable models, which as we know ocrupied so

much space that rooms in the King's palace had to be resened for

them.25

Herland may very well have employed the tracery as a result of

bending deformation obsewed in his models. While this specu-

lation cannot be proven, the decision to use the tracery resulted

in reduction of bending moments in all the truss's larger

members, in some cases by more than 50 percent.

After we had established an overall understanding of the

structure's behavior and the contribution of its parts a second

stage of analysis was necessary: taking the detailed numerical

output and performing checks on individual members to

insure that they are capable of assuming the loads the FEA

model predicts. AtWestminster Hall this pr<rcess indicated that

Herland's original structure was overbuilt many times a suffi-

cient factor of safety. Several structural elements, including

some of the large timbers and the tracery itself, could have been

reduced in size or eliminated altogether without causing the

failure of the roof system.26 In modern engineering terms, the

Westminster Hall tmss design was inefficient, employing more

material thanwas required to support the roof loads.

Herland's truss, however, was also a redundant structure,

one which over time apparently relied on the tracery to prevent

its total collapse. In l9l3 Baines found severe degradation of

the tmsses caused by wood rot. In some tnrsses, critical joints

were so rotted that principal structural members no longer

carried anyload.zT Baines noted,

Should the structure have been one unable to adjust itselfto the altered

conditions due to defects in the rmf, it must have undoubtedly Iallen. It

is merely by what might be temed the interaction and redundanry of

the various memb€rs . . . that some ol the trusses remain in position . . . .

The result is that the collar beam has transmitted its load down the pun-

cheons of the tracery immediately beneath it onto the great curoed rib.28

The longevity of Herland's roof results in part fiom the

oversizing of its members and in part fiom the redundancy of

its design. Even today redundancy is considered an important

feature of all structures, but it is essential in those of long spans

or innovative design.

The tracery's capacity to carry huge axial loads, its function

in reducing bending, and its role as a secondary structural

system ensuring the viability of the roof led us to speculate

whether Herland could have considered the tracery a means of

strengthening his roof at Westminster. Perpendicular tracery,

although new at that time, had been used fortyyears previously

in conjunction with the double arch structure at St. George's

Hall in Windsor fFigure 13]. Given the stylistic similarities

between Windsor and Westminster and the likelihood that

Herland knew Windsor intimately, it has been called "probably

the single most important source for the Westminster Hall

design."zo Windsor appears to have consisted only of slight

upper and lower arches with hear,y tracery infill, highly sugges-

tive that its tracery was employed with a structural intent.

Unfortunately, only poor documentation of this roof survives

and analysis of the structure is impossible.3oAs an independent

exploration, therefore, we built and analyzed a finite element

model of the Westminster truss reduced to the configuration of

Windsor [Ftgure 141. Nl so-called principal members absent

fiom the Windsor design (the hammerbeam and post, the

brackets, and all members above the collar beam) were re-

moved, producing a model with an arch rib, collar beam,

rafters, and Perpendicular tracery, strikingly similar to the

FIGURE l0: Westminster Hdl roof, flnite element model showing deflected shape in

traceried truss caused by vertical loading, FIGURE I l: Westminster Hall roof, flnite

element model showing uialforces in traceried truss.
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FIGURE l2:  WestmnsterHal l  roof , f lnt teelementmodelsshowingcompar isonofbendingmomentsintrusswthtracery( lef t )  andwithout t racery(nght)

Windsor tmss. This model proved structurally viable and
depended upon the tracery for its stabiliry. Although Herland
could not have seen the flow and magnitude of these forces, his
familiarity with the use of rracery at Windsor and his own
structural investigations {br the Westminster Hall roof design
may well have led him ro an understanding of the stmctural
contribution of the tracew.

CoNcrusroNs

A first impression Herland's tmss is aesthetically delicate and
structurally robust. It is a harmonious structure of exquisite

FIGURE l3: Windsor Castle, former St. George's

Hall (c. | 352-55), engraving byWenceslas Hollar,

677.

detail, and stmctural analysis confirms overall appearances: the
prominent and exfemely stiffarch is responsible for discharg-
ing most of the roof loads to the corbel stones and healy
masonry walls below. What is less evident, however, is that many
of its decorative aspects are also load bearing and that the
demands placed on them have changed dramatically over rhe
life of the structure. What structural role Herland intended for
the tracery we may never know, but his decision as master
builder to include it in his tmss design was consistent with
sound engineering practices which have stood the test of time.

The traditional training of architectural historians and of

3.14 .JSAH / 54:3, SEPTEMBER 1995



elements, fiame elements, shell elements, and solid ele-
ments). Elements have defined stiffness properties which
are derived direcdy fiom the real geometrical properties
(moment of inertia, crosFsectional area, length) and real
material properties (modulus of elasticity, shear modulus,
coefficient of therrnal expansion) of the members they
represent.

. 'Applied extemal forces" may be specified to act either on
individual nodes (as wirh concenrrated or point loads) or
individual elements (such as distributed loads). They
model real loads experienced by the structure such as

FIGURE | 5: Finrte element model of a simple frame used to build a computer input Jlle for

analysis: the schematic drawing, the idealized .flnrte element model, and model componenb.
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FIGURE 4: Wedminster Hall roof, hypothetical flnite element model of the truss

reduced to the configuration of St. George's Hall at Windsor by the removal of key

members. Axial forces shown.

engineers may be ill-adapted to research that attempts to

illuminate the full range of issues faced by early builders. -Ihe

case study ofWestminster Hall illustrates the capacity of FEA t<l
bridge historical and technical explorations. More than simply
offering analytical power---rssential in esrablishing the evolu-
tion of structural innoy2llen-FEA in conceft with historical
research provides insight into possible relationships between
structural and formal developments.

Appendix

On thefnite elemznt method of arnlysLs
The working principle of the linite elemenr method (FEM) is
the evaluation of the stiffness properties of structural elements
based on assumed sets of displacement interpolation functions
(mathematical functions which relate the displacement of an
element to its corresponding intemal forces). The computer
analysis is based on a model (an abstract, mathematical construc-
tion which can be represented schematically) defined in Car-te-
sian space and constructed to represent the building structure
or its specific parts. Its principal components are nodes,
elements, applied external forces, and specified nodal re-
straints fFigure l5l:

. "Nodes" describe the actual geometry of a structure and
are rigid bodies that occupy points in Canesian space.
They have six potential degrees offieedom: three transla-
tional degrees of freedom parallel to rhe Cart.esian axes,
and three rotational degrees offieedom about the Carte-
sian axes.

. "Elements" are deformable bodies that idealize real struc-
tural members, and can be of different types (truss
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FIGURE l6:  Fin i teelementanalysisfor thesimpleframeinf igure l5:  numericai  outPut

of element forces.

dead and live loads, the structure's self'-weight, wind,

seismic loads and temperature effects.
. "Specified nodal restraints" are imposed by the model

builder to reflect the capacity of the real building's compo-

nents to displace or rotate. They represent the support

conditions of the real structure, typically defined as fixed

ends, pins, rollers, and springs.3l

Prior to constmcting the analysis model research must be

conducted to determine the specifics of individual connections,

support, and loading conditions. The model is then written as

an input file in an appropriate forrnat for the software being

used and the components listed above are assembled, connect-

ing appropriate elements to nodes. The real connections of the

structure are modeled by specifying "end releases" between

elements and nodes which determine what types of forces

(axial, shear, moment, torsion) a given element has the capacity

to transfer to the node. The basic model is complete after the

resfaints and all exterrral actions (applied loads, support

conditions, and any temperatr.re loads) are defined.

The analysis is run on the computer. Once the run is

complete, the computer gives back solutions to three response

quantities: nodal displacements. support reactions, and ele-

ment end forces or stresses. These results are available in
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numerical forrnlFig,re 16l,but most software packages now

supply at least some of the output graphically, such as the

schematic representations of the Westminster truss's deflected

shape, axial, and moment force diagrams presented in this

paper [see Figures 10-12, 14]. Finally, element checks per-

formed following the computer analysis verify whether the

structure's members and actualjoints are capable ofwithstand-

ing the determined forces and stresses. This procedure is

standard in engineering design practice and serves as an

important check of structural hypotheses.

One caveat must be stated: The results of the computer

analysis are limited by the quality of the assumptions made in

formulating the model. Regardless of the accuracy and sophis-

tication of the computer application used, FEA results should

be independently con-firmed by making a series of spot checks

(statics calculations) to insure that the mathematical abstraction

resembles the real stmcture.32

Notes
This study is an outgrowth ofan experimental course combining architectural

history and engineering taught in l99l in the Depanment ofArchitecture at the

Univenity of Califbrnia at Berkeley by Prolbsmrs R. G'ary Black (architect and

engineer) and Stephen O. Tobriner (architectural historian), with graduate

student instruct()r Stephen Duff(Ph.D. candidate in structures). The concept {br

this course was proposed by Dutr Thirty graduate students used FI)A coupled

with historical research to study the structural and spatial attributes ofa building

or bridge. Among structures investigated were the cathedrals of Amiens and
(lhartres; the Ralph Slmons Trinity College Hall nxrfl the stave church at

Borgund in Nomay; Henri Labrouste's Bibliothdque National and Bibliotdque

Sainte-Genevidve in Paris; several bridges, including Roben Maillan's Schwan-

bach bridge in Switzerland; nineteenth-century steel-liame high-rises in San

l-rancisco; the Toshintei teahouse on the grounds ol the Minase Shrine, Osakai

and the picture hall of Sanzo-in at the Yakushiji complex, Heilo. E. Toby Morris
(architect and master's candidate in architecture) investigated Hugh Herland's

trusses at Westminster Hall. Panial tUnding for the course came fiom the

University of Calitbmia, Berkeley's committee on teaching, towhich the authon

express their thanks. The results ol this study were first presented by Black and

Moris at the session entitled Buildings as Artifacts, Sociery of Architectural

Historians annual meeting in Charleston, South Carolina, April 1993.
rSee the writings of Roben Mark in the United States, and of .facques

Heyman and Rowland Mainstone in Great Britain, among others.
2 Hand calculations can easily be perfomed fbr statically deteminate

structures (those in which there are no more than three unknom fbrces which

can be lbund using the basic equations ofstatics). In such cases the analysis is very

accurate. Before the development of computer methods, engineers simplified

complex, statically indeteminate structures to simPler indeterminate ones, or to

ones made up ol statically determinate components. The accumcy of the results

depended upon the degree to which the simplification was representative ofthe

real structure,
3 For a summary of engineering and historical studies of theWestminster roof

structure over the last century and a half see Llnn T. Counenay and Roben

Mark, ''Ihe Westminster Hall Roof: A Historiographic and Structural Study,"

JSAH 46 (1987):37a-$.
a Sir Frank Baines, Report to the First Cammissiorur of H. M. Wmks, Ett:., 0n the

Cmditimofthe RoofTimbers ofWenminster Hall,with Suggestionsfm Mamtainingthe

StakLrD of the Roof, Commissioned D<rument, House of Commons, 7436
(London, I9l4), hereaftercited as Baines, Reporl.

5 Baines attempted a "stress diagram" for the Ilaming based on graphical

statics but disclaimed his results, finding that the theoretical stresses corre-

sponded in nowaywith the obsewed traces ofactual stresses in the structure.
6,4..|. Sutton Pippard and W. H. Glanville, "Primary Stresses in Timber

Roofi, with Special Refbrence to Curved Bracing Members," Building Research

Techniml Paper 2 (lnndon 1926): 15-32. Also later published in A. J. Sutton

Pippard, Strain Erurgl Mahods of Stres,4nallsir (Iondon, 1928).
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r0 Engineers Pippard, Heyman, Mainstone, and Mark each discounted the
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Westminster Hall Roof and Irs l4th Century Sources,"r/SZH 43 (lgg4):
309.
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F[,M. However, while effective, Ritz's method proved impractical before the
advent of the digital computer (1950s). R. W. Clough adapted Ritz's merhod ro
the computer to solve trveand three-dimensional problems rn continuum
mechanics and in 1960 named his innovation the',finite element method." In
1961, Edward L. Wilson wrote rhe firsr linite element program. The authors
used a recent version of this program developed by Wilson and Ashral
Habibullah (S7P 90 TM, 199 t) to study Westminster Hall. l'or a general rexr on
the history, theory, and application of F-}l\ (including exrensive refdrences) see
R.D.C,<>ok,CmuptsandApplimtimsofFiniteF:lemmiAtutllir(Newyork, l9g9).

r2 Y. Song, R. (i. Black and.f . H. Lipps, "Morphological ()ptimization in the
l:rgest Living Foraminifi:ria: lmplications fiom Finite Element An alysis,,' paleo_
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and A. S. Camak, eds. (Oambridge, [,ngland, and Neru york, l9g2).

l" Ilesides his published report, Baines produced a collection ol st>called
schedules: thirty-six numbered and ann()tated drawings ol the trusses and
details, only a lbw of which were included in his repon to parliament. See Lynn'I'. 

Oounenay, "The Westminster Hall R<xrf: A New Archaeoktgical Source,"
Jounml oJ the RrittshArchanhryual.Assoaiation 143 ( 1990): 9Ll I I _

r(;See A. (1). Pugin and E.J. Willson, Spectmcnt l ()othfu: Archttechre, selectutl liom
uanousArcimt l)diJuesin F)nglnrul,voL I (Edinburgh, lltgb); FI. Oescinsky and [,.
R. Gribble, "Westminsrer 

Hall and lts RooI," Burlington Magazme 4t) (1922):
7ti-34; and l'riedrich Ostendor{, Die Geschtthte rjes Darhuterhs (Ieipzig ancl
Berlin, 1908). From the elevarions and detailed sectional drawinss in these
works the complicated history ol repairs and altemtions to the ongrnil structure
could be fbllowed and a model of Herland's truss consrructed.

l7 For debate on appropriate suppon modeling assumptions fbr the trusses
see comments by Mainstone, Heyman, and Mark in ,,I_etters" (see n. 9): 32 l 24.

rb Heyman's 1967 theoretical explanation of {brce paths in the structure (one
which found the primary rafiers ro carry the bulk ofthe rcxrfs loads) depended
upon an assumption that the trusses were restrained fiom outrsard disolace-
ments by their rigid connection to the wall head (Heyman, ,,Westminster 

Hall
Roof'[see n. 7], 137-62). Mark tested this assumption and other resrrainr
combinations on his physical scale model in order to establish plausible suppoft
to the truss (Coulrenay and Mark, "The Wesrminsrer Hall Rmf,', 3g0).

ieThe only other place lateral resistance could have been applied to the
hammerbem is at its outemost end. Drawings in Baines, Raport; Cescinsky and
Gribble, 'Westminster 

Hall"; Ostendorf, Geschtchte dcs Duhuths; andpusin and
Willson, S'paanzeru-, all fail ro dmmenr this condition. A drawing by E [..
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I 0 vols. [Paris, 1 85+-6lJ], 3, under "Charpente," 

pl. 32) suggests there may be
no masonry whatsoever behind the hammerbeam. [,ven if rlasonry were so
located it would be little more than a Ibw inches thick, easily displaced by lateral
forces applied by rhe truss.

20At this point conclusive evidence of the precise location of the orieinal

lateral bearing for the midpoint of the wall post is lacking. Counenay hypoth-
esizes that originally spurs were located approximately I I feet above the base of
thewall post at the intersection with the arch rib, providing lateral support at this
juncture, but because ofrot their existence and extent are unclear in Baines,s
schedules. See (lourrenay, 'The 

Westminster Hall Roof: A New Archaeological
Sourte, '  105.

2r Courtenay and Mark, "The Westminster Hall Roofl,, 3g5. Engineer R. J.
Ashby was the first to point out the inaccrrracy of Heyman,s arbitmrily assigned
loads, in "Discussion 

of 'Westminster 
Hall Roof by.f acques Heyman," prueed_

ings oJthe Institutton oJ Cnrl Enginens 38 (1967): 78F-6.
22 Our model consisted of upper and lower common rafters with their

attendant ashlar pieces, the ridge beam, and the three purlins (upper, trussed,
and lower). Distributed fbrce parterns, derived fiom the dead loads of the orig_
inal lead (later slate) roofing and self-weight ofthe rafiers, were applied to the in_
dividual common rafters. The common rafters transmit their loads to the various
purlins, ridge beam, andwall head, each given theirappropriate member proper_
ties relating to the stiffness of the member. The end reactions of these elements
became the point loads that were ultimately used in the investigation of the truss.

2:rP.J. Waldram, "science 
and Architecture: Wren andHooke," Jmrruil of tht

Rr4al lwhtute of llritishArchitzctt 12 (1935): 558.
2a The axial fbrces are shown on the top side of a member in some cases and
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were numbered when constructing the basic computer model.

2:'Waldmm, "science an<i Architecture," 558.
?6 Maximum axial stresses in the large members of'the truss with or without

tracery rypically run on the order of'100 psi, while bending stresses run behryeen
200 and 400 psi. These values fbr axial and bending are seveml times less than
t he magnitudes required ro initiare Iailure < aused by orersrressing.

27 Baines, Report, 19. "()ccasionally 
large cavities have developed both in the

collar beams and in the fi:et of the principal rafiers which.ioin them, and also in
the heads ol the hammer-posts. So serious is this that in two instances it would
appear that the tracery akrne is supponing the collar beam by translbring its
load to the great cunyed rib."

28 Ibid., 33. A {inire elemenr model indicated rhat this revised srrucrure (with
the hammer post removed and tracery alone supporting the loads of the collar
beam and upper rafier) is viable, with no overstressing of remaining members.

2!| (i)urtenay, "Westminster 
Hall Roof'and Its l4th Oentury Sources," 301J.

:ro()nly a perspective engraving by W. Hollar, published in Elias Ashmole's
)ruln ol the Guder (London, 1672) surrdves.

:ir For a discrrssion ol'these general structural terms see l'. p. Beer and E. R.
.f ohnston, Vrtor Mr.lnnin.fir Engnteers; Skttus arul Dymtmbs (N*r york, I 922) or
any general text on statics.

:'2 In presenting their Iinite element analysis progr.am, Wilson and Habibul_
lah published thirty-three examples ol engineering problems (including twisred
beams, vibrating plates, domes, and cooling towers) in which the accurary o{'
their finite element solutions is compared to kn<rm classical (exact mathemati_
cal) solutions. Wilson and Habibullah, SAp 80 StruturalAmbsis propram, A Serfus
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