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AEstnrcr: Exposing the building's structure and using it to define space was frequently
practiced in earlier eras, often giving rise to innovative structures that integrated with
the architecture. Engineering is rarely used today, however, to achieve such risults. This
paper examines a recent project in which the integration of structure and space was an
explicit goal, and discusses the design and construction of the exposed concreie "tracery"
rooftrusses used to achieve this end. There are significant structural, cost, and construc-
tion problems associated with this class of structures and these are discussed. Further.
some of the key aspects of integrating structure and space, and of a design process that
makes the design task practical are briefly presented.

ln March of 1987 the Center for Environmental Structure, Berkeley, Calif., an architecture
and engineering firm in which the writer is the chief engineer and vice president. was commis-
tlolgd]9 design a 50-bed, 1,600 m2 (16,000 sq ft) homeless shelter for the city of San Jose,
Calif. The construction budget was moderately low for California at gl. l mil l ion. or $690/ml
($694q ft). The owner requested a building that would be welcoming and noninstitutional, but
at the same time would be durable and able to stand up to the wear and tear imposed by the
patrons, many of whom are aggressive. As an overall design strategy, to address ihe demands
of the client and cost constraints, the writer proposed to spend a higher percentage of the budget
9nJ!_e structure, (a strategy that could help ensure durabil ity) and expose it lhroughout the
building to achieve architectural goals (an approach that could make double use of thJstructure
and help keep the project within the l imited budget). Adoption of this philosophy resulted in
a design aesthetic in which the structure, consisting principally of heavy timber, cast-in-place
and precast reinforced concrete, and concrete block, was exposed througiout the complex. and
was designed and detailed to give solidity and architectural form to the various spaces (Fig. l).
This approach was used in the main passages and arcades, dayrooms, entran-ce lobby, and
reception but it found its most dramatic expression in the roof trusses of the dining trait 6ig.
2\ .

_ The integration of structure and space is a recurring theme in the great buildings of the past.
In cases, such as Chartres Cathedral (France, 1194-1260), Hagia Sophia (Turkly. 532-537)
and the Stave church at Borgund (Norway, 1150) the structure performs a dual role-that of
defining and creating architectural space at the same time that it provides the structural frame-
work. In these buildings, the architecture and the engineering is conceived as being one task,
probably not so much because of an attempt to "integrate" them, but because they had not yet
been divided. As one author wrote,

. . . I have chosen to start this narrative in the late eighteenth century . . . before then,
the principal building materials were stone and wood, materials in which it is difficult to
separate structural from architectural design," (Billington 1983).

The significant feature in these examples is that the precise geometrical organization of the
structure, both at the global level and at the detail level, is attuned to define space while
concurrently performing its structural role.

The initial inspiration for the homeless shelter's concrete trusses came from two sources: the
great traceried roof trusses at Westminster Hall (London, 1395) designed and built by Hugh
Herland and recorded more extensively by Baines (1914), and the dicorative tracery in tLe
9_hry.1 of t.!e Chimes (Oakland, Calif., 1926-30) designed by Julia Morgan. ln the Wesiminster
Hall truss (Fig. 3), the proportions, detail ing, and placement of the various structural elements
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FlG. 1. HomelessShelter,SanJose,Cali f . , l9S9;
Passage and Court with Exposed Timber Fram-
ing, Precast Concrete Columns, and Concrete
Block Walls: Design by R. Gary Black and Ghris
Alexander of the C.E.S. (Photo ,-! Mark Dar-
ley/Esto)

FlG. 3. Westminster Hall ,  London, 1395; Draw-
ing by E. E. Viollet-le-Duc: Design by Hugh Her-
land ("Charpente" 1859)

FlG. 2. Homeless Shelter, San Jose, Calif., 1989; Reinlorced Concrete Roof
Trusses iust after Removal ol Forms: Design by R. Gary Black and Chris Alex-
ander of the G.E.S.

FlG. 4. Chapel of the Chimes, Oakland, Callf., 1930; A Visit to This Building
in 1982 Prompted the Writer's First Investigations into Using Reinforced Con-
crete Tracery in Structural Applications: Design by Julia Morgan

(hammer posts.  hammer beams, great  arch r ib .  wal l  posts and corbel .  brac ing st ruts .  wind braces.
and tracery) do much more than iust carry gravitl, and wind loads. they simultaneously give
form to the room through their interlock with the space the-v define. Modern eneineering analysis
of  th is  6(X)-year-o ld s t ructure undertaken by var ious researchers.  Heyman (1967).  Mainstone
(1967).  Courtenav and Mark (19117).  Black and Morr is  (unpubl ished.  resul ts  presented at  the
1993 meeting of the Society of Architectural Historians. 1993) indicates that very l itt le of the
structure. if any at all. is. superfluous. The design. a verv particular form of integral ornament
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On a smaller scale, in- the _Chapel of the Chimes (Fig. 4) sand-cemenr mortar tracery was
used to define and articulate the space in passages and around openings. In this case the tiacery
was nonstructural, however. during a visit to the building in 1q82 I f irst became aware of the
structural and spatial potential for using thin elements of eipose reinforced concrete as structural
tracery and began then to de.vise various applications for it. It is worth mention that nealy a
hundred years earlier the architect Anatole De Baudot had employed a similar system deviied
by the engineer Paul Cottacin and in collaboration with him desiened and built Saint-Jean-de-
Montmarte (Paris 1894-1904) a church constructed of an extrem-ely thin [7.65 cm (3 in.)] net
of reinforced cement members, bonded into the reinforced brick side walls and talings'(f ig.
5), (Frampton and Futagawa 1983).

STRUCTURAL BEHAVIOR

Two structural issues that are not normally considered in truss design are relevant to the
design of concrete trusses. The first involves a problem of moment corinections at the joints.
and the segond pertains to.out-of-plane inertia forces associated with the relatively large self
weight. Additionally, problems related to long-term deflections and redistribution of jorces
caused by creep could be problematic in some structures and should be considered and accounted
for in the design. Each of these problems is presented here within the context of the concrete
trusses for the homeless shelter; they are also of such a general nature that any use of concrete
tracery constructions demands their resolution.

Moment versus Pinned Connections

The basic assumption behind the design of modern trusses. either that all the members behave
as two-force elements with pin joints or that they behave as Vierendeels, proved inadequate in
the design of these trusses. Even when a conventional truss is not fabricated with perfect pins,
(i.e. some of the joints can transmit moment via gussets or continuity of an element through a
joint) the physical behavior sti l l  wil l approximate that of the analytical model within aiew
percent by virtue of the geometry that necessarily results from the basic design assumption. ln
contrast' and at the other end of the spectrum, Vierendeels, which asrumi rigid joints and
replace the pin-jointed diagonal members with moment connections for shear transfer. assume
orthogonal geometries that do not include diagonal elements. Many of the early hammer-beam
trusses, such as those at Westminster, however, rely on a structural behavior thai l ies somewhere
between these two extremes and cannot be designed or analyzed on the basis of either model
a lone.

In general, trusses are defined as "combinations of purely tensile and compressive elements
capable of spanning . . . and a plane truss consists of straight bars, usuallv of constant cross
section" (Salvadori and Levy l98l). This definit ion n.cesrorily leads to tp.rif i . geometries that
result in an internal force field that is consistent with the definit ion. When a tr-uss structure is

FlG. 5. Saint-Jean-de-Montmarte, Paris, 1904;
Interior of Church Showing Use of Ultrathin
Reinforced Cement Structure: Design by Ana-
tole De Baudot and Paul Cottacin (Frampton and
.Futagawa 1983)

FlG..6. Early Truss Design That Was Abandoned because of Excessive In-
Plane Moments
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Out-of-Plane Forces

Creep

designed that breaks w_ith these geometries, contains curved members..or members of varying
cross section. it wil l no longer exhibit the strict behavior represented by the preceding definit ion.
If the bottom cord of a roof truss is fabricated from a series of steps and offsets, then the
structure wil l most often have to rely on the presence of both pin and moment connections to
ensure structural stabil ity. In this regard, the trusses of the homeless shelter have more in
common with early hammer-beam trusses than with the conventional definit ion.

ln conventional trusses made of wood or steel. the designer can create either moment or pin
connections through simple detail ing of the joint. This permits control over the flow of fortes
in the system. eliminating unwanted moments by insertion of a pin. A concrete truss, on the
other hand, does not easily permit this since pure pins are virtually impossible to create in cast-
in-place concrete.

The writer init ially designed and analyzed the truss using a completely different arrangement
of web members assuming moment connections at every joint (Fig. 6). This strategy proved
ineffective because whenever a member was up-sized to handle the moments, its increased
stiffness caused a global force redistribution that required further up-sizing. To address this
problem different arrangements of web members having tapered ends to reduce their moment
of inertia was tried as a technique to allow some joints to behave in a pin-l ike manner. This
proved to be an effective approach in balancing forces and member sizes because it allowed for
selective insertion of pin-l ike joints while leaving other moment connections unimpaired. The
final layout and geometry of the web members. which are arranged to behave principally in
tension or compression, are tapered toward their ends and reinforced using a single 32-mm
(#10) rebar so that upon local cracking secondary moments (resulting from joint rotations) do
not induce unwanted moments and shears in the structure.

In trusses, made from wood or steel, self weight of the structure is a relatively small fraction
of the total load, and the out-of-plane stresses induced by the self weight during seismic excitation
is rarely problematic. Concrete trusses, on the other hand, are significantly heavier, having a
relative weight-to-strength ratio about four times that of solid-sawn wood and six times that of
mild steel. In high seismic zones, therefore, it is necessary to consider and resolve the out-of-
plane inertia forces. For the design of the homeless shelter trusses, an equivalent static load
factor was determined from a simplif ied dynamic analysis. The dynamic analysis assumed a
simply supported beam, with equivalent span and stiffness to the truss. loaded in the out-of-
plane direction with three lumped masses totaling the self weight of the truss. This analysis
indicated maximum out-of-plane forces equal to about 40Vo gravity. ln the computer model
40o/o gravity loads were therefore applied statically as a distributed force to each frame member
in the out-of -p lane d i rect ion.  h

Under the prescribed loading and support system the bottom gord, which is thicker than the
web members, behaves l ike a beam spanning the distance between supports. As the bottom
cbrd deflects out-of-plane it also rotates,,inducing moderate bending in the web members, which
causes rotation of and torsion in the top c6rd. The resulting torsion and bending stresses, although
of an apparent secondary nature, needed to be accounted for in the reinforcefnent detail ing
because in a further analysis in which the out-of-plane bending action of the web members was
released the bending stresses in the bottom cord resulted in unacceptable cracking.

To mitigate the out-of-plane deflection and attendant cracking, two measures were used.
First, the span *as reduced by providing lateral support at the junction between the central
arch and the two side arches. This was achieved with two diagonally placed 22-mm (7/8-in.)
steel rods running from the bond beam at the head of the wall. The attachment at the wall was
made by dril l ing and epoxying, and the connection at the truss was achieved by threading and
thru-bolting the end of the steel rod (Fig. 7). ln this way, a slight tensile prestress could be
induced into the rod to l imit lateral deflection causes by loose connections. The second measure
was to further reduce the weight by reducing member sizes and specifying a l ightweight concrete.
Concrete specifications catled foi 34,500 kPa (5,000 psi) compressive itrength at a density of
1,700 kg/mi (110 pcf), which is about the maximum strength-to-weight ratio that can be obtained
using pneumatically placed concrete.

Creep was considered as a potential problem. but a detailed analysis was not undertaken. In

discussion with Professor Viiellmo Bertero and Edward Wilson of the Department of Civil
Engineering at the University of California, Berkeley, however, a concern was raised about
possible problems with creep resulting from the complex geometry of the structure. They were

ioncerned that as a result of creep, i'redistribution-of forces might cause the bottom cord to .r
behave as an arch, buttr.essed Uy the wall and pilasters of the building. ln such a case' ther€
would be potential for out-of-plane buckling of the arch. To address this concern, the truss was-

designed io be supported on iollers. a condition that was achieved in practice by slotting steel
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Construction Methods

bearing plates at each end of the truss at the points of bolt penetrations, supporting the entire
structure.on teflon pads, and leaving a space between the ind of the truss and the wall. This
allowed the ends to slide, thus mainiaining tension in the bottom cord at all t imes.

CONSTRUCTION ALTERNATIVES AND COSTS

Two related construction issues were finding construction procedures that would ensure struc-
tural integrity of the in-plane trusses and finding proceduies that would keep the costs to a
minimum.. ln this delisn' the most economical fo-rms of construction were impossible because
the procedures could have caused structural darnage to the trusses.

Of the various construction alternatives considered, three were ultimately investigated rn
depth:_pouring flat on.a casting bed and erecting in place, pouring in place, una guf;it ing in
p.lace. Structural analysis' performed to study the 6ut-of-plane stressEs in the truss du"ring lif?ing
showed that a problem arises with the method of pouring on a casting bed due to the combination
of large self weight and relative weakness in ttr'e out-if-plane dire"ction. Assuming the trusses
are formed and poured on plywood forms resting on the existing slab, at the time the concrete
is poured' the structure wil l be. fully supported 6n an essentialf rigid support. conr"qu.ntiy,
as the truss is lifted off of the slab it will deflect in proportion to tnE numbe. oi ruppo.i joint,
(between the l ift ing harness and the truss) and the overall stiffness of the harness itself. In the
com-puter studies, the l ift ing harness and points of attachment were included as part of the
model .

The design criteria for lifting assumed full dead load and required that no portion of the
concrete be allowed to experience an extreme fiber tension stress in excess of d,SOO teu 1+oOpsi) to diminish the amount of tensile cracking. Under these assumptions, the l ift ing harness
design called for minimum depth 3o5 mm (12 i i.) steel sections and iequired 20 supp|rt points
on the truss. The rather large steel sections were required for stiffness, not strengitt. It should
be noted that these design criteria assumed ideal conditions, in which the truss iould not be
loaded in excess of lffJvo of its dead load-a.somewhat optimistic assumption given the pos-
sibil i ty of sudden release from the forms and the general dynamic nature of t ift i i 'g operatibns.
As a result of these studies, this method was abaidoned because of expense and-the concern

DETAIL
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Costs

th l t  thc in-p lacc st ructure might  conta in numerous hai r - l i r re cr i rcks that  could reduce i ts  per-
l i r rmirncc in  t rn e l r r th t ru i rkc.

Sincc these studies.  the author  has h ld the opportuni ty  to c les ign other  t racery t russes ( in
onc case.  twelvc uni ts  forming segmcnts of  a twelvc-s ided donre) .  Based on pre l iminarv desi tn
rvork.  i t  appears thc ' l i f t ing pr t lb lem can bc solved t rv  forming ancl  pour ing the st ructures on a
"soft" cirsting becl. ln this method. the forms would be supported at specific points u,hich would
correspond exact lv  to  the p ick-up points on the st ructure.  Depcnding on the speci f ic  dc 's ign of
the harncss and the exact  mcthods of  l i f t ing.  l i t t le  or  no out-of -p l i lce st ress would be induced
ir r  t l rc  s t ructure dur ing erect i ( )n.

The sccond construct ion a l ternat ive invc l lved forming and pour ing the st ructure in  p lace.  an
approach that  avoids the problem of  out-of -p lane bending dur ing l i f t ing but  which is  mlde
inrpossib le by the th inness of  the 76-nrm (3- in. )  webs.  the densi ty  of  re inforc ing steel  in  the
upper and lower cord members.  and the s lump rec lu i red of  h igh-st rength concrete.

The th i rc l  approi rch.  and the one f ina l ly  adopted,  involved bui ld ing t i r rms on the ground that
were open on onc s ide.  The re inforc ing steel  was subsequent ly  p laced in posi t ion and at tached
to the forms and thc ent i re assembly hois ted in to posi t ion IF ig.  t l (a) ] .  Once insta l led and braced.
concrete was shot  in to the forms using pneumat ic  p lacement  techniques IF ig.  t t (b)1.  Of  the two
conrmerc ia l  vers ions avai lable.  shotcrete (wet  mix)  and guni te (dry mix) .  the la t ter  was selected
because the quality control with respect to compressive strength is creater and because less
shr inkage cracking occurs wi th th is  method.

Each of the c()nstruction ntcthods iust clescritred were evaluated on the basis of cost. The
f i rs t  mcthod.  cast ing on the s lab and l i f t ins in to p lace u,as economical  only  i f  the nuntber  of
p ick-up points cor . r ld  be substant ia l ly  reduced.  Forming and pour inr  in-p lace costed out  as less
crpensive than t l re  {uni te vcrs ion,  but  the guni te method was adopted because i t  was the only
one tht t t  c t lu ld ensure st ructura l  in tegr i tv  of  the completed t russes.  Fur ther  measures were taken
r.v i th in th is  approach to reduce costs.  C)ne-s ided forms wi th re inforc ins were bui l t  on the ground
lrec i tuse i t  was less expensive than forming in p lace.  In  addi t ion.  tw<l  scaf fo lds were bui l t  ( instead
of  four)  one betrveen each pai r  of  t russes so that  two t russes could be shot  f rom one locat ion.
The dowrrs idc is  that  an uneven f in ish resul ts  on e i ther  s ide of  t l re  t russes.  as the exoosed s ide
has l cl ifferent texture from the one against the frtrm.

When completed.  thc four  t russes cost  $24,(XX) of  which $10.(XX) was spent  on the guni t ing
opcrat ion (approximale lv  $1.(10( l  per  cubic yard for  the concrete) .  and $14.(XX) was spent  for
lornt inq.  p lacement  of  s teel ,  scaf fo ld ing.  and st r ipp ing.  By cornpar ison wi th another  tota l ly
d i f fcrcnt  approach.  the b id f ronr  a g lue- lam manufacturer  to  make the bot t< lm cords (as three
scpi t r i t tc  i t rcs)  wi ts  $32.(XX).  When the remain ing work of  connect ions.  fabr icat ion of  the webs,
asscnrblv  i rnd insta l la t ion was added in.  the tota l  cost  of  the t russes.  in  wood.  was est imated at
$-17.(XX) or  twicc the cost  of  thc concrcte solut ion.  Prcfabr icated wood t russes wi th a f la t  drvu 'a l l
cc i l ing would havc cost  upproximately  $-5.0(X).

Al tht lugh thc concrete t russes as designed represent  t l re  most  cost-ef fect ive approach to the

FlG. b. Construction Sequence Involved Assembling Forms and Steel on Ground, Lifting Assembly into Posilion, and Placing
Cohcrete Pneumatically: (a) Form Work in Place, Ready to Receive Concrete; (b) Gunite Being Shot into Forms
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architectural demands. !hey cost substantially more than the cheapest standard roofing solution.
The extra cost was paid for by reducing or eliminating finishes altogether. The wall i were left
unfinished concrete cinder block, (later painted by the owner) the floors were waxecl concrete
slabs, and the ceil ings were fabricated from wood purlins (exposecl on the inside and used
previously in the forms) overlaid with construction-grade plvwood sheets (also exposed on the
inside). Reductions in the area of f inishes paid for i<trt it ionat costs in the area of structure. so
that although the structure cost more than conventional approaches. the overall cr.rst of the
bui ld ing pro ject  was kept  at  the same level .  This  redis t r ibur ion of  the budget  represcnts a
departure from the norm of trying to design the structure to be built fur the leist possible cost.
lnstead of  making the st ructure min imal  and cheap.  monev was taken f rom oiher  bui ld ins
operat ions and a l located to the st ructure.  so that  i t  could be exposed.  comman<l ing and re-
spectable.  in tegra l  wi th the space.  and a major  force in  the archi tec iura l  aesthet ic  of  th i  pro ject .
Simi lar  k inds of  t rade-of fs  would be general lv  possib le in  other  bui lc l ing enterpr ises.

INTEGRATED DESIGN PROCESS

. Leaving a bui ld ing 's  s t ructure exposed and using i t  archi tectura l lv  to  shape space p laces
demands on the design team that  are not  normal ly  encountered in c<invent ional  pract ice.  Al -
though these increased demands would apply to mechanical .  e lect r ica l  and envi ronment i r l  contro l
professions, the greatest demands are placed on the architect and the structural enqineer. and
therefore the following discussion is l imited to these two.

In current  pract ice.  i t  is  general ly  the responsib i l i ty  of  the archi tect  to  focus on spat ia l  and
aesthet ic  issues whi le  the st ructura l  engineer concentrates on making the bui lc l ing st ind up.  In
a design project such as the trusses of the homeless shelter. the architelct miqht ma[e ,ugs.rt,,rn:;
about  the deta i led geometry of  the. t russes.  but  the f ina l  s t ructura l  c les ier i  would be J i  to  thc
e.ngineer. Conversely, the engineer might propose changes to the architectire that would improve
the st ructura l  behavior ,  but  the f ina l  say about  the appearance,uvould rest  wi th the archi tect .
This process.  which works f ine for  convent ional  bui ld ing pro jccts.  does not  work verv wel l  in
cases where the aesthetics and the performance of the structure are str()nrl lv interconnectecl.

In  the convent ional  design process.  each professional  makes thei r  proposi r ls  wi th in the corr f ines
of their own expertise and moreover tends to righteouslv guard their t iwn professional turf. As
a resul t ,  each one exper iences d i f f icu l ty  when encroaching in to the other .s  so-cal led " realm."
and the most  creat ive solut ions,  which of ten l ie  prec isely  in  the no man's land boundarv laver
between the two professions, are more diff icult to bring into focus.

In contrast, it is useful to imagine the design process used by Herland at Westminster. We
know that he built many models of the structure:

When Hugh Herland . . . designed the Westminster Hall mof he did not look urr texrbooks
on structural mechanics . . . His textbooks and stress diaqrams were his innumerable
models, which as we know occupied so much space that rooms in the Kinc's palace had
to be reserved for them (Waldram 1935).

For Herland's work on Westminster, all decisions concerning the <jesicn of the trusses. whether
of a structural nature or an aesthetic one, would tend to be evaluaiecl within the contexr r.rr
each. The proportions of the hammer beams to the great arch rib, or the hammer posts to the
arch braces, would be measured on the basis of both structural inteqritv and visuii l  harmonv.
In th is  regard,  i t  can be said that  each e lement  is  designed through r -pr . ic . r .  in  which both the
struc.tural efficiency and architectural beauty are considered on e<lual ierms and integrated into
a unified structure.

The process employed in the design of the homeless shelter's trusses was more similar to
Her land's  approach than to convent ional  methods.  and is  responsib le tbr  a l lorv ins the archi tec-
ture and the engineering to work together towards creuting l unified design. A-n abbreviateci
description of this process follows.

Structure That Supports Architectural Space

Initial structural forms were based on an analysis of spatial considerations. The first studies
focused on the relationship between the bottom cords of the trusses and the space formed
directly. underneath (Fiq, 9) During these studies, the writer and his colleague. Chris Alexander.
made sketches of 14 different trusses, each with different arrangements tjf bottom cords. As a
result of these studies, a truss design emerged in which the hottom cord formed three arcs, a
low one at  each end and a h igher  one in the middle.  Wi th th is  conf icurat ion,  the room wguld
be divided into three related spaces; a lower and more private ..,ne n"lr the walls and windows.
and.a ta l ler ,  more publ icone toward the center  IF ig.  c(c) ] .  This  par t icu lararransement  appealed
to .the client as it provided spatial opportunities tbr newly init iated qucsts tdfeel secuie in a
public space. Although this.design, obviously has aesthetic and formal ieferences. it was selected
primarily because it created a discernable and positive shape in the room.
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FlG. 9. Different Truss Designs lor Homeless Shelter and Their Corresponding Spatial Qualities: (a) Conventional; (b) Scissors; (c)
Trefoil

Structural Efficiency

Once the basic planar geometry was fixed, a second investigation followed in which the spacing
between the trusses was examined. These inquiries made use of physical models to capture the
relationships between the overall depth of the truss and the spacing between them. If deep
trusses are placed too close together they wil l obscure one another; conversely, if they are placed
too far apart individual bottom cords wil l not occur frequently enough to define and shape the
space of the room. As a result of these init ial spatial analyses the general global forms of
individual trusses and approximate spacings between them was determined.

Engineers generally think of structural efficiency in terms of mathematical criteria with l itt le
consideration for spatial integration, and within this narrow definition, the proposal to use
similar or identical structural forms for like spans may be seen as appropriate. However, the
fact that a Fink truss is an efficient construction for intermediate span roofs does not necessarily

FlG. 10. Completed Truss (Photo @ Mark Darley/Esto)
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mean that every high-school gymnasium in the world should use Fink trusses. Our experience
with.an integrated design process suggests a refined definit ion of structural efficiency in which
specific forms (arrived at through spatial studies) are made into efficient structures by applying
mathematical theories and engine.ering intuit ion concurrent with respecting the nature of the
forms. In this definit ion, structural efficiency plays a role similar to the one ii plays in biological
evolution' namely as one of several competing design determinants that wil l- ult imateli be
responsible for the organism's morphology.

Computer-Aided lterations
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.An intrinsic part of this design process was the use of a finite-element program to investigate
a lalge variety of alternatives. and through a process of iteration. begin to i lf ine the struciure
until i t resp.onded to spatial and structuri l criteria. It is a kev assumltion that throughout the
process both the architecture and the structureare modified. The process explicit ly "i.ourog.,
evolution of the architectural design in l ight of intbrmation gathered from structural analvirs.
and the structural behavior and the archiGcture are investiga-ted concurrentlv.
. . .Throughout  the design of  the concrete t russes,  a compur; r  f in i te-e lement  i rogram, (SAp-50
1982) was employed to model the structural behavior. and a cardboard model was used to
determine the spat ia l  impact .  Both of  these models were in  use cont inual ly  throughout  the design
process. As intbrmation about the structural performance became auailable, i l terations were
made to the cardboard model, and vice versa. The back-ancl-forth iterations (about 30 total)
between the two models.  led to the st ructura l  design shown in F ig.  l0  and in F ig.  7.

Concrete trusses pose a significant structural problem in earthquake-prone areas because of
out-of -p lane accelerat ions,  and the maximum spans at ta inable in  sucfr  areas mav be l imi ted
unless these forces can be reduced oreffectively designe<J for. Possible solutions include prouiJing
relatively short' braced spans by conceiving structures made of three-dimensional nets instead
of one-way systems. Out-of-plane forces that result from lift ing operations pose problems in all
locations. but these can be eliminated with pneumatically placed concrete or could possiblv be
solved by precasting the trusses on a speciaily designed iasting berJ.

..Cgnc.lqle tracery trusses hold great potenti; l tbr irtegrating ihe architecture and the structure
of a building, by virtue of the fact that a wide variety i 'rf o".Ignr, such as curved members and
bottom cords that are broken and stepped are economically fJasible. Because connection tvpes
ranging from pins to moment can be made simply by varying a member's moment of ineii ia.
the palate of possible design solutions is increased further. The"use of reinforced-concrete tracery
trusses may allow designers to create economically practical structures today that have a richness
and artistic quality similar to those of the great-wood trusses of the medieval era or the cast-
iron trusses of the luth centurv.
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