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special cases that iron might replace wood. Horizontal iron reinforcement in Gothic 

churches had a successor in the rings of chains that were used to help in the 

building process and also to counteract thrust at the springing of large domes in 

I tal ian Renaissance structures. 

Iron reinforcement permitted larger spans and openings, and it reduced the 

total mass and weight of a structure because it allowed a more economical use of 

stone. In that way, it did produce new form and change interior lighting and spatial 

experience, but using iron to replace traditional wood did not fundamentally change 

how builders thought at the time because the main structural material remained 

compressive masonry. It was only in the eighteenth century, when the material 

became both cheap to manufacture and reliably controllable in its composition and 

quality, that it began to impact how designers conceptualized what they did. 

In most cases it is difficult to trace thought processes in finished objects, 

especially when one attempts to follow the development over generations of 

thinkers using disparate objects as case studies. Postulating the beginning 

of such processes is arbitrary and determining who carries the development forward 

and in which structures depends on how one chooses the subjective criteria with 

which one measures development. 

There are many types of design thought rooted in pre-industrial examples, quite 

a few of which developed new forms in the course of the Industrial Revolution by 

experimenting with iron structure. Each type has specific characteristics that 

condition how structural form arises. We rarely analyze how we think or consider 

alternatives to the standardized thought patterns that dominate today. However, 

there are many alternative ways of thinking that lead to design. Some paralleled 

mainstream development and either enriched it, withered under its onslaught, or 

perhaps still coexist today. We can only recognize such alternate developments 

by stepping outside our accepted ways of thinking and observing the processes by 

which we design from outside the system. 

In this chapter we will look at several types of design thinking: the pre-modern 

form of overlay thought, model thinking that initiated our modern, industrialized 

age, post-industrial overlay thought that combined the two, procedural thought that 

introduced temporal issues into structure and construction with its novel methods 

that include problem avoidance, kit-of-parts thinking, translation and transfor

mation, and "divide-and-conquer," as well as alternative forms I ike integrated, 

associative, and composite thought. Model thinking is the only one consciously 

taught academically in engineering schools today, while in architecture schools 

several may be used pragmatically, but without clearly defining their characteristics 

or method. In fact, all of these forms coexist; designers mingle them freely without 

recognizing or consciously exploiting them for what they can contribute to design. 

However, by segregating and analyzing these forms of thought we can define their 

characteristics and then consciously use them as design tools singly or in com

bination . 

J5 



Tom F. Peters 

Pre-modern overlay thought, an experiential mode of thinking 
An early form of overlay thinking predated the introduction of iron in bu ilding. Hans 

Hauri first described this type in an article in 1979.3 

In this form of thought, a designer overlays simple structural forms that are 

known to work, like king posts, queen posts, or slanted struts to create a hybrid, 

working structure (Figure 2.1). . . 
Overlaying is a pre-theoretical idea; it does not analyze behavior but Simply adds 

one successfu l structural form to another and it assumes that these forms Influence 

one another additively and perhaps synergistical ly to the advantage of the resultant 

load-bearing capacity . In fact, overlaying can change a structure 's behavior by, 

for example, making it stable (Figure 2.2). This additive overlaying of forms is a 
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particular way of understanding structure that is radically different from our modern 

view. Squire Whipple (1804-1888) patented a bowstring truss in the United States 

in 1841 (Figure 2.3). He called it a "suspension bridge," which indicates that he 

thought of it as a deck suspended from the arc . Whether or not he thought of the 

diagonals as stiffeners or as members of overlaid kingposts that held up the deck 

we do not know, but it is clear that he thought differently than we do today. 

One of the characteristics of designs that use overlaid forms is that the builder 

does not assume uniquely predetermined load paths. Thus, the resultant structure 

is amb iguous in that it can transfer loads in many ways, all depending on the 

position and type of the load that acts on it and the condition of the structure and 

its foundations (Figure 2.4). 

This makes overlay structures more flexible and redundant than those that 

define clear load paths. The designer creates structural redundancy, and therefore 

safety, by providing the ambiguity of multiple load paths. This is one of the main 

advantages of the "overlay school" of design thought. Whether or not this mode 

of thought resu lts from a process of trial and error, experimentation, a process of 

logical elimination, or any combination of these, it is certainly experiential in the 

sense that it builds upon direct experience and analogy and not on scientific or 

mathematical analysis. 

Model thought, an analytical mode 
In the "model school of thought" that developed under the influence of the 
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Enlightenment, redundancy is achieved by introducing the concept of a factor 

of safety as a multiplicator of load assumptions. Today, "model thinking" is the 

generally accepted form of building thought. It began with the development of 

the scientific method of inquiry in Europe in the sixteenth century, and the 

concomitant interest in a structured analysis- and a categorization- of the 

physical world. This new way of thinking developed in a more focused fashion in 

the eighteenth and early nineteenth centuries through the Encyclopedistes' 

concern with both analysis and cataloguing, and later with the Saint-Simonians' 

preoccupation with technology and industry. The development began primarily in 

France and spread from there throughout the Western world parallel to the intro

duction of industrial iron manufacture and its proliferation as a structural material. 

Whether or not there is a causal relationship between the two developments is not 

known, but designers used the novel design approach to push iron construction 

beyond what traditional wood and masonry could accomplish structurally. 

The influence of the Encyclopedistes in particular led to the foundation of our 

current form of engineering education in France, first in the Ecole royale des 

ponts et chaussees, established by Jean-Rodolphe Perronet (1708-1794) as the 

Bureau des dessinateurs du Roi in 1747, and then in the Ecole polytechnique, 

founded as the Ecole centrale des travaux publics in 1794 by the mathematicians 

Lazare Carnot (1753-1823) and Gaspard Monge (1746-1818). The birth of the 

Ecole polytechnique was accompanied by a proliferation of specialized graduate 

schools or eco/es d'application (some of which were founded earlier as specialized 

technical schools). There are sixteen such eco/es d'application today. 
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The polytechnic form of academic engineering education proved to have great 

advantages for the quick training of practical builders, who were able to extrapolate 

the growing body of expertise in the new material iron, and it spread rapidly 

throughout Europe and then to the United States in the nineteenth century, quickly 

incorporating industrial issues such as fabrication and transportation under the 

pedagogical influence of the Saint-Simonians. Theoreticians and educators at these 

new schools, especially in Paris, but also then in Prague, Berlin and elsewhere, 

developed new and very clear models of thinking and these models gradually 

permeated engineering education everywhere. 4 The basic characteristics of this 

mode of thought are making objects by synthesizing analytical thinking and a 

clear split of empirical knowledge into the experiential (learning from direct 

knowledge, which was considered a lesser process), and the experimental, or 

learning by introducing a variable into a normal situation, which was considered a 
more reliable way to gain knowledge. 

The men who developed this French system of analytical thought, above all 

the great codifier of structural theory Henri Navier (1785-1836), who formally 

integrated it into building and taught at the graduate Ecole nationale des ponts et 

chaussees as well as at the undergraduate Ecole polytechnique, strove to segregate 

building elements so that engineers could easily calculate and compare them.s To 

do this, these theoreticians split structures into simple, two-dimensional models 

that they defined as beam, column, or arch with a number of subtypes like can

tilever, continuous beam, the articulated beam and later frame, or the true and 

cantilevered arch and vault. Connections between these archetypal components 

were also conceived of as typological models: either fixed or articulated. Engineers 

analyzed and dimensioned each component on its own, and then built them 

together into more complex elements that they then connected together at one or 

more levels of complexity to form assemblies or subsystems, ultimately combined 

to form structures. In other words, they defined structures as hierarchical systems 

composed, in ascending order, of components, connections, elements, subsystems, 
and the whole. 

One of the effects of this mode of thought was the development of modular, 

industrial prefabrication. The disadvantage of this form of thought was that building 

professionals working with model thought focused on the parts of the system 

without taking the resultant structure as a whole entity into account or the 

influences that the components and composite elements and their connections 

exerted on one another. This way of approximating reality assured builders that 

their calculations would always lie on the safe side. 

The goal of this simplification was very different from that of overlay thought 

(Figure 2.5): it was to dismantle structures conceptually (i.e. to deconstruct them) 

into their various levels of parts and render them comparable whatever their size 

and scale. This deconstruction also rendered each component reliably calculable 

on its own and ensured that each would behave predictably- but only on its own. 

Carl Culmann (1821-1881), a young German theoretician who visited the United 

Kingdom and the United States to examine bridges in 1849-1850, was one of 

the first to deconstruct Whipple's bridge into panels and to analyze it as an additive 
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assembly (Figure 2.6). 6 Recombining such fragments to a whole remained an 

endemic problem in "model thought." The final stage of this deconstruction in 

engineering thought culminated in the development of the "finite element method" 

in the 1950s. 

1 n the nineteenth century the problems of the more complex whole structure 

were relegated to the linkage between the components, for which theoreticians 

devised a catalog of articulated, fixed, and (later) semi-rigid connections. The 

mutual influences on the components created by these connections were difficult 

to define, and in the early period at least, they were smoothed over by relying on 

sufficient factors of safety. Later, of course, these second-order problems were 

attacked analytically as well. 

An attempt to model whole structures was first developed and propagated in 

bridge building, through the introduction of graphic statics by Culmann, 7 but this 

too suffered from simplified suppositions of connection behavior. In order to 

calculate truss bridges, Culmann assumed that all components were pin-jointed 

to one another so that bending moments would not be transmitted from component 

to element and then further to the next set of components and elements. This 
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was, of course, more or less true for wooden bridges, where connections always 

wiggled a little, but not necessarily so in iron, in which connections could be 

reliably monolithic. 

In building structure, comprehensive modeling began decades later with the 

development of monolithic structural frames in steel and reinforced concrete 

around 1900, and it only became a reality after another half a century with the 

advent of the computer. In fact, writes Kurrer, "until quite recently the limits 

were defined by statics theory: one had to subdivide systems - otherwise they 

were not calculable."8 

Practitioners followed the early theoreticians and simplified their structures 

following the two-dimensional models and the hierarchical system idea with its 

components, connections, and their assemblies that formed elements and subsys

tems. Iron bridges, for example, were often actually pinned together, although 

this could be impractical for manufacture and assembly. 

This complex mode of analyzing, designing, and building became widespread 

from the middle to the later decades of the nineteenth century. Standardized struc

tural types, such as a beam on two posts, cantilevered beams, etc., were published 

in tables that practitioners could easily refer to, and these proved useful in practice 

but at the same time conceptually impoverished because such catalogs limited 

structural invention to predefined and repetitive models, especially for projects in 

which two-dimensional, cylindrically extruded components and spatial config

urations dominated (and they often still do). On the other hand, however, they did 

make the reliable prediction of safety possible. It was at this juncture that the 

problems of second-order stresses in riveted truss connections began to be 

examined by Otto Mohr (1835-1918), Heinrich Muller-Breslau (1851-1925), and 

others, and this eventually led to new methods of calculation on the basis of com

ponent deformation. 

Economically, the simplification of structures as an assembly of prefabricated 

and preferably repetitive iron elements made sense in the nineteenth and the first 

half of the twentieth centuries , and the model mode of thinking proliferated 

correspondingly. It still is our dominant way of regarding structure. But if we look 

more closely at the archetypes these builders and thinkers developed, we realize 

that they are models in the sense that they are simplifications and not true repre

sentations of actual structural behavior, which is always more subtly complex, 

three-dimensional, and in fact interactive between foundation stability or move

ment, fatigue, component and whole- in other words, also time dependent. "Model 

thinking" is usually two-dimensional and sometimes three-dimensional, but it does 

not take the fourth dimension into account: namely, changes in structural behavior 

over time . Another drawback of this mode of thought lies in the unfortunate fact 

that reality requires conscious intellectual translation ; unreflecting practitioners, 

and even some educators, simply forgot that their models were clouded mirrors and 

not structural reality. 

The transition between the two ways of thinking, overlay and model, is espe

cially visible in the rich and varied engineering development in the young United 

States, and this transition is currently being examined in the development of the 

41 



Tom F. Peters 

truss by Mario Rinke. Many of these North American structures were developed by 

German-culture immigrants like Wendell Bollman (1814-1884), German-born and 

-trained immigrants Lewis Wernwag (1769-1843) and Albert Fink (1827- 1897), 

or German-trained immigrants from other cultures like Benjamin Henry Latrobe 

(1767-1820). Rather than leading from the one form of thought to the other, this 

transition followed the development of model thought in France and amplified it. 

The post-Industrial Revolution version of overlay thought 
In general, however, engineers and pragmatic builders at the turn of the nineteenth 

century concentrated on the development of simplified model systems. The simpler 

these were, the uniquely clearer but Jess complex the resultant structures were. 

One of the types that escaped, or rather transcended, this simplification is the 

suspension system, even though it developed at the same time and in part in 

the same sphere of influence in which the French "model school" evolved. The 

reason the suspension system transcended model simplification was the need to 

stabilize the inherently labile form, especially against wind forces that act largely 

perpendicularly to the two-dimensional model. Builders accomplished this 

stabilization by overlaying the suspension model with another stiffening model such 

as a truss, sometimes in the same plan, but often also using other elements that 

involved spatial solutions. Stability could not be achieved within the model; it had 

to be overlaid with another. Until now, the overlay idea has only been examined 

as a pre-scientific phenomenon involving simple forms, but there is a new twist to 

it if we trace this form of thinking using model types and their calculation as a 

parallel method of thought that we can follow right into current practice. 

This alternative type of design thinking that derived from the combination of the 

"model method" and "overlay thought" arose in the German-speaking world at 

the same time as the former type developed in France. It paralleled the transitional 

development in the United States, but is quite different. The German form is a 

combination of the two rather than a transition and it is characterized by a Jess 

radical separation between theory and practice than French model thought and 

therefore a more pragmatic approach to building. This form of design strategy still 

coexists with our dominant "model method" today, but it has attracted far less 

attention than either of its components because it is not as conceptually distinct. 

It demands no dichotomy between theory and practice and therefore establishes no 

dialectic between them. Sometimes this form of building thought even contradicts 

theory, without, however, attempting to change it. We call this "empirical." This 

makes the post-Industrial Revolution thought mode intellectually ambiguous, and 

thus difficult to examine and define its tenets. Even though its origins appear to 

lie in German culture, it does not fit the standard pattern of German historical 

discourse, and certainly not a Marxian, dialectic approach. 

One eminent practitioner of this ambiguous mode of building thought, and 

one who worked during the full flowering of the "model method," was John 

Roebling (1806-1869), who was another border-crosser between the German and 

the nascent American building culture. In contrast to Wernwag, Fink, and others, 

Roebling combined the two forms of thought without attempting to translate or to 
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transform one into the other (for the definition of these two terms, see later, under 

the corresponding title). Roebling's chef d 'reuvre is, of course the Brooklyn Bridge, 

and even that fact is ambiguous as its design was finalized and built according to 

his system by his son Washington Roebling (1837- 1926). The father's thinking, 

conditioned by his schooling in the Berlin Academy, was so dominant and so 

influenced the son's, who was educated at Rensselaer Polytechnic in a French

influenced tradition, that the latter was able to accept it without difficulty. 

The Berlin Bauakademie traces its origins to David Gilly (1748- 1808), who 

founded a private building school in 1793 and then co-founded Germany's first 

professional building academy five years later.9 This occurred parallel to the found

ing of the French Ecole polytechnique. Among the Academy's founders were the 

theoretician Johann Albert Eyelwein (1764-1848), the autodidact builder Carl 

Gotthard Langhans (1732-1808), and Heinrich August Riedel (1748-1810), 

who taught Latrobe in Germany. Gilly had studied at the University of Gi.ittingen 

with Johann Beckmann (1739-1811), a system thinker who had given the term 

"technology" its modern meaning in 1772. Beckmann, whose role in the devel

opment of technological thought has been hitherto little recognized, was a key 

developer of the German school of combined theoretical and experiential thinking. 

According to Werner Lorenz, 10 Gilly insisted on the "Baumeister" or contractor 

model for professional education rather than on the separation between architect and 

engineer, as began to appear in France. This is understandable with his Beckmann 

background and his association with the engineer, architect, and theoretician 

Eytelwein. Gilly taught Karl-Friedrich Schinkel (1781-1841), of whom it has been 

said that he died a little too early to have profoundly influenced the advent of iron 

technology into building that arrived in Germany with the explosion of indus

trialization shortly after mid-century. However, Schinkel's pupil Friedrich-August 

Stoler (1800-1865), who hailed from the same small town as Roebling, did actively 

participate in the incorporation of iron into structure, as testified by the discoveries 

recently made in the ongoing restoration of his Neues Museum on the Museumsinsel 

in Berlin (1843-1855), Stoler's involvement with the iron, box-girder Vistula Bridge 

at Dirschau (1851-1857), and his construction of Eduard Knobloch's Neue 

Synagoge in Berlin (1859-1866) with the young railway engineer Johann Wilhelm 

Schwedler's (1823-1894) famed iron dome structure. Lorenz11 carefully analyzes 

Schinkel's, but also Stoler's and the iron industrialist August Bi.irsig's (1804-1854), 

relationship to scientific-based thought, construction, and iron. The associative 

relationships and personal influences between these people have yet to be examined 

in detail. Roebling was only two years old when Gilly died, but he studied with 

Eytelwein and was certainly influenced by the Academy's and thus Gilly's "school 

of thought." It is possible that he knew Stoler: they came from similar social 

backgrounds in tiny Muhlhausen, Roebling the son of a tobacco manufacturerl 2 

and Stoler the son of a pastor, but StOler was six years older, and in youth that 

generally prevents more than a passing acquaintance. Rumor has it that the two 

met and even were friends later in Berlin while Roebling was at the Bauakademie and 

SHiler a young architect, but again, Roebling left the country before Stoler's career 

flowered and the interest of both of them for iron structure matured. 
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Nevertheless, this was the intellectual background against which the Brooklyn 

Bridge was built during the period of the most radical model simplification and it 

helps to explain why Roebling and his son insisted on an unusually complex overlay 

configuration of models. There were diagonal stays for stiffening (which both 

declared could bear the load on their own and which proved the bridge's safety and 

redundancy), a primary catenary system, sidesway cables under the deck, and a 

stiffening truss that partly lay next to the main cables at mid-span and on the 

Brooklyn side, and fully above them on the Manhattan side (Figure 2.7). The behav

ior of the truss was especially telling: it was less clear than the other elements of 

the overlay structure that resemble classical "models" in their purity. 
The ambiguity of this truss is characteristic of both the early and the later 

form of overlay thinking and the Roeblings possibly thought that it improved the 

interaction between the various models because it both carried and was carried by 

the cable structure. It simultaneously stiffened the cable from above and the side 

(at mid-span) while the cable helped support the truss from below at the end. The 

ambiguity is proven by the fact that the truss- which otherwise might be consid

ered a primary element like the cable and the stays- features expansion joints at 

mid-span. There are four of these trusses; their configuration was changed in 1950 

for traffic reasons by David Steinman (1886-1960), without however, altering their 

ambiguity. 
The Roebling father and son's insistence on the configuration of these many 

primary, secondary, and tertiary elements, whose complex interaction they could 

only estimate at the time, made the bridge's re-computation difficult for the 

restorers in 1983, but it has allowed the bridge to remain in use essentially 

structurally unchanged despite all-increasing loading and material fatigue for over 

a century. In the 1983 restoration by Blair Birdsall (1907-1997), the sidesway 
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cables under the deck were removed. Although this may be structurally irrelevant 

according to modern theory, it was an unfortunate decision because part of the 

historical complexity of the Roeblings' overlay idea disappeared. 

Nevertheless, the essential feature of this unique bridge, and one that proves 

the ambiguous interaction beyond doubt, remains in place to this day, and that is 

the interlinking of the vertical suspenders of the catenary system and the diagonal 

stays from the towers to the deck. Both the suspenders and the stays are made of 

wire rope, which is more flexible than the strain-hardened, parallel-wire main 

cables . These stays and suspenders are linked at every crossing by simple iron 

clasps. In themselves the loops are not fixed connections because they can slip. 

When taken as a whole, however, the "network" exhibits the same behavior as a 

fishing net (Figure 2.8)- which does not belong to the classical canon of structural 

models. When the loading of such a structure shifts gradually with traffic move

ment, as is the normal case, the individual links are not fixed and they can slip a 

little and adapt the geometry of the net to the load condition. But should the 

structure suffer a sudden impact, the links jam, adaptive movement is prevented, 

and the net behaves as though its connections were fixed. The behavior of the 

fishnet "system" is entirely dependent on the speed with which it is loaded, a time

dependent criterion that is not included in the "model" thought pattern. The 

curious fact is that the connection between two overlaid systems created a new 

conceptual model in this case that can be looked at from the viewpoint of a variant 

"model" rather than a transitional form between overlay and classical model, albeit 

then not analyzable- especially not the time-dependent loading factor. 

We do not know whether the association with a fishing net occurred to Roebling 

or not, but it appears it was the father's and not the son's idea because it appears 

for the first time, albeit less clearly, in the 1854 reconstruction of the Wheeling 

Suspension Bridge over the Ohio River when the son was seventeen (Figure 2.9). 

At Wheeling the suspenders were iron rods, the stays wire rope, and the clamp 

provided a tighter connection than later at Brooklyn (at least in the version visible 

today). It is possible that the son modified the clamp in Brooklyn so that it could 

slip more easily. 
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Procedural thinking, a time-dependent mode 
The Roebling suspension bridges ate interesting in the development of alternative 

thinking in that Roebling not only solved safety issues and design problems using 

the overlay method, but also regarded building as a process. This was a conse

quence of incorporating time-dependent criteria, I ike the behavior of the "fish net," 

into construction. Considering the sequence in which a structure is built is incip

ient in all construction, of course, but deliberate process planning as a separate 

consideration in building was a novel idea at mid-nineteenth century. 
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When a procedural bottleneck threatened to disrupt the roof assembly of the 

London Crystal Palace in 1851, the contractor Charles Fox accelerated the process 

by decoupling the linear erection sequence from the frame's modular geometry 

(Figure 2.10) . His mobile glazing staging ran in the gutter-purlins from module to 

module over the entire length of the roof and obviated the need for time-consuming 

and labor-intensive scaffolding (Figure 2.11 ). 

Process planning as a form of thought includes time as a parameter and the 

concept of the deadline as a limiting condition. It has been traced to Robert 

Stephenson's Menai Bridge between 1846 and 1850 (Figure 2.12).13 While 

building the Conway and Britannia Bridges (1846-1850), he saved construction 

time by using a primitive form of critical-path method to speed up the building 

process by decoupling and then coordinating the experimentation on the iron tubes, 

the design of the structural system, and the erection of the masonry towers in 

parallel. Because the tests on the novel wrought-iron beams were not yet complete, 

Stephenson built the masonry towers of hi s bridge higher than necessary for sup

porting the beams in case suspension chains or stays should prove necessary to 

support the hollow tubes. The critical-path method is based on military concepts, 

and it provided builders with a useful tool to solve problems with continually shift

ing, linked parameters and unanticipated occurrences. 

Roebling's goal was the same as Stephenson's: to save time and effort, and his 

sketch for a mechanized cable-spinning method dated 1846 introduces the method 

that in essence is still used today. Although he proposed it for the Niagara Bridge,t4 

it was first employed by his son on the Brooklyn Bridge in the early 1880s. 
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Roebling was not the first to suggest cable spinning. Louis-Joseph Vicat 

(1786- 1861) had suggested it in 1830, 15 and Joseph Chaley (1795- 1861) had 

actually used a laborious, manual cable-spinning method on several of his bridges, 

including those that featured his unique endless-cable system. 16 It is possible 

that Roebling knew of Vicat's idea but almost certainly not Chaley's use of it, which 

was only published much later and in an obscure article. 17 The important point was 

that he mechanized the method and rendered it rationally time and effort saving 

in a modern process. 

The post-construction history of the Niagara Bridge further demonstrates the 

impact of process thinking in construction. In 1880, Leffert Lefferts Buck (1837-

1909) was hired to strengthen and renew the Niagara Suspension Bridge, which 

had begun to degenerate under train traffic. Buck reinforced the anchorages by 

overlaying them with a new anchor that he attached to the existing ones (Figure 

2.13), and he replaced the wooden stiffening truss with iron, guaranteeing con

tinuous service by weaving the new members into the old without closing the br idge 

to traffic (Figure 2.14). 
Then , in 1886, Buck built new steel towers around the old masonry ones that 

had cracked (Figure 2.15). Again, he overlaid the existing structure with a new 
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one before removing the old to guarantee the uninterrupted functioning of the 

bridge . Buck thus gave the overlay method a new procedural justification by linking 

it to temporal issues in construction and use. 

When he finally replaced the Roeb ling structure with his own arch bridge in 

1898, Buck once again overlaid the new structure on the old by building in and 

around it before removing Roebling's bridge and transferring the traffic load . 

Structural mobility and movement as a time-dependent concept began to be a 

design issue as well. Mobility and movement are, of course time-dependent, and 

they are a characteristic of iron construction. Mobile roofs, transporter bridges, 

and transportation structures such as swing bridges or locomotive turntables began 

to appear, and especially importantly, hinges (Figure 2.16) and mobile supports for 

long-span iron structures had to accommodate structural movement through 

thermal expansion. 

The Rote Brucke ("Red Bridge") in Bern (Figure 2.17) introduced mobility 

into the building process in 1858 when the lattice tube was prefabricated and 

launched over the gorge. Gustave Eiffel (1832-1923) combined structural mobility 

with the building process in a different way when he built the Eiffel Tower with 

two of the four legs resting on hydraulic presses that could be activated to com

pensate for foundation settlement during construction. 
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Problem avoidance 

2.16 (left) 
Hinge of the Galerie des Machines in the Paris 

Exhibition of 1 889 (photo source unknown). 

2.17 (below) 
The Rote Bri.icke in Bern was perhaps the first to 

launch a prefabricated girder. 

Procedural thinking and the consequent introduction of time dependency and 

mobility as construction criteria led to several hitherto unknown design strategies 

that all had their impact on the resultant objects. Novel design in iron using 

so 
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problem avoidance, a "kit-of-parts" approach to form and construction , strategies 

of translation and transformat ion, and "d ivide-and-conquer" techniques 18 solved 

problems in new ways and consequently gave rise to new form and structural 

solutions. 

The need to accommodate movement and the desire for mobility not only 

conditioned structures like bridges, but also influenced industrially produced 

products. The introduction of iron first replaced wood, but then it completely 

changed furniture design, and objects could be made adaptable. The first adapt

able "type-writer's chair," 19 patented in the United States under number 552502 

on January 7, 1896 by Herbert L. Andrews of Chicago, is an early example of a "kit

of-parts" or hierarchical system design in prefabrication (Figure 2.18). It was first 

discussed by Sigfried Giedion 20 and then by the Ital ian designer Mario Bellini .2 1 

This chair displays a curious and inherently Anglo-Saxon variant of overlay thinking 

in an abstract sense that one might term "problem avoidance" rather than problem 

solution. In the patent description, Andrews describes his chair as adaptable to 

an individual user. He achieved this adaptability through the use of what a con

ceptual designer working from a "model" concept of connections- as either fixed 

or articulated- would describe as "faulty" connections. 

The backrest is attached to the seat by means of a snaking vertical wire that can 

flex a little when the sitter leans back. Not only that, but the vertical wire attaches 

to the backrest by means of a bracket that must wiggle (Figure 2.19) . It cannot 

clamp the looped wire f irmly. Andrews made the lower part of the bracket slot wider 

than the upper, thereby accentuating the wiggle and allowing the user to tilt the 

backrest. 

The same is true where the wire attaches to the seat. This bracket cannot hold 

the wire loops tightly either and must slip. So Andrews made the wire loop under 

the seat longer so that the wire can slip back and forth in the bracket, thereby 

lengthening the distance from the back to the seat surface (Figure 2.20). When the 

sitter leans back, the horizontal part of the wire will jam tight ly against the 

underside of the seat and the bracket will fix it tightly until the sitter leans forward 
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again and releases the clamped wire. Andrews avoided the problem of the "poor" 

connection by accentuating the problem and created thereby a new quality: 

adaptability. This is not a conceptual solution driven by "model" thinking, nor is 

it an overlay; it avoids a problem that is empirical and incalculable by means of any 

theory of the period, but it works. 
Looking back at Roebling's partially slipping "fishnet" connection between the 

suspenders and stays in the Wheeling and Brooklyn Bridges, we note the same type 

of incalculable and yet very workable solution. All three issues- the fishnet behav

ior, process planning, and the clamping effect- are time-dependent. Between 

1850 and 1900, a new dimension that was not included in the "model" method 

entered iron design and construction. 
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The "kit-of-parts" approach to system design 
The early iron bridge builders' preoccupation with equilibrium as both an intel

lectual and a structural phenomenon led to their understanding of design, 

manufacture, and assembly as dynamic processes. Sigfried Giedion's and Antoine 

Picon's thoughts about the dynamic principle in technology span half a century and 

confirm an ongoing concern with this aspect of technological thought. The 

procedural aspect of system thinking and the concomitant critical path technique 

have their roots in military thought. The basic elements of this thought mode are 

strategy and tactics, aided by logistics. 22 Military campaigns try to reach a goal 

defined by politicians. Military thinking concentrates exclusively on procedural 

matters and not on the product, and it led nineteenth-century builders to rationalize 

manufacturing processes by developing standardized relationships between 

structural members. 

The main material they used to achieve this change was iron. Both the material 

and iron components are manufactured away from the building site, so instead of 

constructing their structures from the materials, they began to assemble them from 

industrially manufactured parts. This was a drastic change. Construction implies 

putting together, creating, changing, and manipulating interfaces and connections 

by altering components. Assembly, on the other hand, is one degree removed 

from manufacture. It implies fitting together without alteration. This means that 

components arrived on site ready to use with no adaptation needed. 

As a result, designers began to stress the connections between components, 

and this is what distinguishes industrialized building from the pre-industrial . The 

principles of industrialized building spread quickly from iron to encompass tradi

tional materials as well. The standardized connections and members that builders 

developed through system and process thinking gave rise to economical, repetitive 

component manufacture. The new assembly and connection techniques gave rise 

to concepts like monolithic structural behavior, mass prefabrication, and structural 

redundancy. These concepts, in turn, gave us our modern building systems. 

Herbert's manufacturing system for his chair and Eiffel's construction system, a 

design-matrix of structural constants and variables, carried the idea of building 

system to maturity at the end of the nineteenth century (Figure 2.21). Eiffel's 

simple and yet sophisticated catalog of wrought-iron parts, connection rules, and 

erection sequences for the Garabit Bridge (1884)23 and his tower (1889)24 paved 

the way for modern steel-bridge and high-rise construction. It also spilled over 

into our general culture through instructional toys like Erector Set or Lego. 25 
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Transformation and translation 
Builders develop intellectual strategies to support their system-approach in design. 

The characteristics of associative matrix thinking rather than linearly logical 

patterns lead them to transform or to translate information from one format to 

another. Transformation remolds information within the boundaries of a field, while 

translation crosses borders and moves it from one field to another . Both forms rely 

on non-predictable, and therefore seemingly illogical, "leaps" in thought processes. 

There are many examples of both transformation and translation in building. 

In 1818 the engineer Marc Brunei (1769- 1849) observed how a salt-water mol 

lusk called "pipeworm" (Teredo navalis) drilled through ship timbers and he 

translated the process into the first mechanical tunneling shield for the Thames 

Tunnel in London (1824-1843) (Figure 2.22). 
Cultural border-crossing can foster the translation process too. While working 

on Robert Stephenson's Victoria Bridge (Figure 2.23) over the St. Lawrence River 

in Montreal (1854-1859), site engineer Arthur Helps (1813-1875) noticed that 

the British mechanics who had emigrated to the building site in North America 

seemed able to build more reliable machinery than those who had stayed in the 

component factory at home. 26 
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Divide-and-conquer 
Another common strategy in procedural thought is "divide-and-conquer ." It 

demonstrates a combination of analytical and synthetic design skills and shows 

how the combination of the two is more than the sum of the parts. This method 

strategizes the analytical process. The strategy consists in dividing problems with 

conflicting requirements into their constituent parts, solving the components 

serially, and then reuniting the results into an overall solution. 

Richard Turner designed the Palm House in London's Kew Gardens (1846-

1848) as a rigid frame that can expand and contract with temperature changes 

(Figure 2.24). In order to solve the novel problem with its conflicting requirements 

of stiffness and flexibility, Turner separated the function of his purl ins into three 

distinct layers (Figure 2.25). The first and largest were the structural pur/ins. 

Turner designed them as tension rods running through tubular spacers that post

tensioned the webs of the structural arcs. The second layer of thinner ones was 

balanced above the first and carried the glazing panels, and the third layer, com

posed of the thinnest pur/ins, stabilized the glass mullions. Turner formed flexible 

joints or discontinuities between each of these layers. Since the secondary pur/ins 

were too thin to carry on their own, Turner welded them to struts fixed to the 

primary spacer tubes (Figure 2.26). These struts were so thin and flexible that they 
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served as articulations between the two layers. At their ends, the secondary purl ins 

were bolted to the top flanges of the structural arcs with an offset lug, and this 

too gave them additional flexibility (Figure 2.27). Finally, the third purl in layer, 

wh ich ran still farther out and connected the glazing mullions above the arcs, had 

no direct connection to those below (Figure 2.28). 27 By means of all these "semi

fixed" connections and discontinuities Turner created an adaptable yet rigid struc

ture . It was complicated, but it still stands and has survived the past 150 years 

well. Today, French designers practice similar "divide-and-conquer" strategies in 

high-rise glazing techniques. 

Integrated thought 
As we saw in Roebling's case, the valid way of thinking about construction was 

not restricted to the French world of model thought or to the earlier form of overlay 

thinking; the two could be integrated to create novel design thinking. This seems to 

have been primarily a German contribution. A generation before Roebling, another 

innovative German builder, Karl Ludwig Althans (1788-1864), employed a com

bined form of design thought that took characteristics of each in another way to 

create yet another form of design thought. 

56 

2.27 (above) 

Offset lug 

attaching purlin 

layer two to the 

structural arcs 

(drawing by 

Stephen Roethke). 

2.28 (left) 

Purl in layer three 

connecting the 

glazing mullions, 

l.29 

~Foundry 
1830 axonometr!c 
(cQ..y;"9 by Zarli 
ltio). 

The introduction of iron in construction 

Like Roebling twenty years later, Althans had an academic background . He 

had studied at Gi:ittingen University, as had David Gilly, under mineralogist 

Friedrich Hausmann (1782-1859), Johann Beckmann's student and successor 

who also taught iron metallurgy, as well as under the mathematician and 

astronomer Carl Friedrich Gauss (1777-1855) .28 He was thus qualified in those 

forms of mathematical and scientific thought that were leading to model thinking 

at the time and certainly familiar with the latest developments in French pedagogy. 

This explains his intellectual background but not the source of his original design 

th inking. 

Many open questions remain about the origin of this apparently German, non

scientific way of thinking. In part it derived from pre-statics thought that reaches 

back into prehistory, but in part also from traceable sources. One theoretical line 

in Germany stems from the University of Gi:ittingen with Johann Beckmann and his 

intellectual descendents like Althans, and David Gilly with his Bauakademie in 

Berlin with practitioners like John Roebling and August StOler. The Gi:ittingen 

University is also closely linked to the Collegium Carolinum in Braunschweig, now 

the TU (or officially the Technische Universitat Carolo-Wilhelmina zu Braunschweig), 

where Gauss and Hausmann had studied . 

Althans 's best-known surv iving structure is the Sayn Foundry in Bendorf, the 

first phase of which he finished in 1830 (Figure 2.29) . In this structure, Althans 

manifested two forms of design thinking that differ drastically from the science

based thinking of the model-method . These two are integrated thought and asso

ciative thought. 

The integrative aspect is demonstrated in the structure itself. If we examine the 

front and the cross-section of the hall (Figure 2.30), it is impossible to decide 

whether the structure is an arch with lateral buttresses, a single arch with a 
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superimposed structure that we can either read as another arch with a tie-rod (as 

part of the primary arch), or as a primitive form of truss, or perhaps the whole is 

something entirely different for which we cannot devise a morphological type. At 

any rate, each part helps support and define all the others. The parts do not work 

as separate and hierarchically organized elements brought together additively to 

form a system, as Roebling later used them, but as an integrated, amorphous 

form that defies model definition and naming. Formal amorphism and load-bearing 

ambiguity led to the survival of Althans's brittle cast-iron structure. 

This form of integrative thinking is not restricted to Althans, or indeed to 

Western thought. We find it even more clearly demonstrated in wooden structures, 

for instance in the eleventh-century Rainbow Bridge in Song-Dynasty China (Figure 

2 .31).29 

In the Rainbow Bridge we also cannot define the structure as an arch (its overall 

form) or a simply supported beam (which characterizes in part its behavior). In fact, 

it resembles more a woven Chinese basket turned on its side in which the logs press 

down on one another to resist bending, but also, at the same time, carry the forces 

outward in thrust. The more the logs are loaded, the more they compress the purl ins 

they lie on against the logs below . This turns the articulated connection between 

the logs and the purlins into a fixed connection, and this in turn causes both the 

purl ins and the lower logs to bend . This turns the structure more and more from 
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an arch into a beam, also a time-dependent change. Only integrated structures 

are able to adapt their behavior depending on the loading. The woven basket 

behaves in the same way as it is loaded laterally. 

Eugene-Emmanuel Viollet-le-Duc (1814-1879), French historian, theoretician, 

educator, and preservationist, developed a similar idea in the nineteenth century. 

He designed an arch that becomes a beam, by incorporating the tension member of 

a bowstring truss as the iron intrados of the arch itself (Figure 2.32) . The radial 

blades guaranteed the cohesion of the two materials because they are pressed 

tightly between the tops of the voussoirs, which also try to spread at the intrados as 

they are loaded . The gussets that fix the iron blades to the curved band are put 

under tension, thus forming a mutually dependent pair of stress configurations in 

the composite structure: compression above and tension below. Th is is the struc

tural behavior of a beam under bending. Like the Rainbow Bridge, the growing load 

changed the nature of the joints between the stones, creating thereby an arch-beam 

in quite a different way from the ancient Chinese example. 

The same adaptivity of structural connections holds true for a nineteenth

century American form of integrated structure, the balloon frame used for housing 

(Figure 2.33) . In this type of structure the studs, typically 2 X 4-inch sections, 

are too weak to resist forces on their own and the connector, a simple nail, is too 

weak to hold any substantial load. But when both proliferate in large numbers and 

are spread evenly throughout the structure, the result behaves as though it were 

monolithic (Figure 2.34) 30 Thus, the balloon frame can resist lateral loads, such 

as earthquakes or wind, by adapting, as each of the many connections absorbs a 

1- -1---.J 2"" 
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little of the energy and dissipates the force. The same is true for lthiel Town's 

lattice truss bridge that he patented in 1820 in the United States (Figure 2.35). 

This is, of course, quite distinct from the Rainbow Bridge or Viol let-le-Duc's arch

beam as it relies on the behavior of the many connections working together. 

There are many examples of integrative structure in all cultures, both in 

traditional wood structure and then in the Industrial Revolution in iron as well. 

The Viennese bentwood chair (Figure 2.36), the ancient Chinese dougong system 

of cantilevering bracket construction (Figure 2.37), and southern Chinese bamboo 

scaffolding (Figure 2.38) are all traditional examples. The first adapts its geometry 

to the shifting weight of a sitter, the second absorbs lateral forces of both wind 

and earthquakes, and the last deforms to resist heavy winds . This adaptive 

characteristic of integrated structure works for any elastic material and is probably 

active in Suchov's filigree steel radio towers in early twentieth-century Russia as 

wei1.3I 

The repetitive nature of components and elements in integrative design and the 

association of integrative design with basket weaving in the Rainbow Bridge leads 

us to another form of design thought that Althans used in the Sayn Foundry. 
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Associative thought 
Associative design in Althans's work is on the one hand a formal issue, and on the 

other a technical one. The whole form of the foundry building is a cruciform, triple

nave Gothic basilica in plan and section right down to the detail form of the 

fenestration (Figure 2.30). The association between religion and metalworking is 

traditional in Western culture ever since the Greek myth of the demigod Vulcan, 

smith of the gods. The eternal flame and the high altar are the furnace, the nave 

is the casting floor, the arms of the cross are secondary casting areas and 

the workshops, and the lateral naves are assembly and storage areas. In elevation, 

the clerestory houses the vents and lights the working space, and the glazed front 

establishes the 'Gothic' motif in the vertical plane and relates this structure at the 

southernmost limit of Prussia to a well-known 1799 design by Friedrich Gilly 

(1772- 1800), who was David Gilly's son and his and Langhans's student, for a 

riding hall, the Neue Exerzierhalle at the capital in Berlin. 

In a technical sense, the clerestory is a Town lattice truss (Figure 2.39) that 

stiffens the whole structure longitudinally using its glazing by the way in shear, and 

the front 'Gothi c ' glazing does the same for the front of the structure laterally. 

Cannonballs, one of the foundry's products, became ball bearings for a swiveling 

crane (Figure 2.40). This was the earliest-known instance of their use in the 

Western world 32 The gantry crane (Figure 2.41) was an example of a fishbelly 

or lenticular truss ten years before its officially recognized "invention" in 1840 by 
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the Hanoverian engineer-architect Georg Ludwig Friedrich Laves (1778-1864). 
The lower chord of this truss is a steel wagon spring. 

Composite thought 
Nineteenth-century French thinking was not restricted to model thought either, but 

it developed in a different way than thought in Germany. Viollet-le-Duc was a 

prolific design thinker who explored novel as well as common ways of thinking. One 

was the integrative form of design that we examined in his composite stone-and

iron arch-beam. In another example, he used the new French form of thinking in 

archetypes and model behavior in quite a different way from the engineering 

theoreticians and practitioners who developed it. While they used model thought to 

design their structures, Via/let-le-Duc employed it as a purely analytical tool 

to examine traditional masonry construction and propose ways in which iron could 

change practice and contribute to construction and form. He demonstrated this 

most clearly in his treatise Entretiens sur l'architecture. 33 

Viollet-le-Duc was interested in Gothic construction, how medieval builders had 

erected such slender and daring structures in stone, and at the same time he was 

also interested in the structural and architectural potential that the new material 

iron offered contemporary building. He knew that Gothic builders had used iron in 

a very limited but important way to hold their structures together, and illustrations 

taken from his Dictionnaire raisonne de l 'architecture34 prove that he clearly 

understood the role of iron in Gothic construction (Figure 2.42). 

However, as he was interested in how builders thought and what had led them 

to their forms and structures, he speculated what Gothic masons would have done 
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if they had been able to produce iron as easily and inexpensively as the nineteenth 

century could. 
He chose a specific example as his model for examination (Figure 2.43). 

Masonry structure is basically compressive structure, and Viol let-le-Duc compared 

the construction of Gothic halls with their outer service corridors using stone 

corbels to a solution that would have replaced the heavy stone with cast iron in 

compression. If Gothic builders had had access to cast iron on an industrial scale 

and of reliable quality, he wrote, then their logical use of the material would have 

loaded the foundations less and led to more economical structure. If, however, they 

had been able to manufacture wrought iron or steel on an industrial scale too, those 

forms of iron that can also withstand tensile forces and shear, and used those forms 

of the material in tension as well as compression, then the solution could have 

become a trussed frame that was far I ighter sti II. 

Viollet-le-Duc's thinking process is clear: when a builder uses a material 

logically, by which he means economically according to its load-bearing capacity 

and limitations, the resulting design changes structure and consequently 

form. He applied historical precedent to iron construction and achieved radically 

unprecedented solutions - and he demonstrated this in his celebrated proposal 

for a market hall (Figure 2.44) . By replacing masonry corbelling with iron, he 

concentrated and reduced the supports beyond what structural tradition could 

envision and created visionary form. 

Engineers who were trained in the French model system of thought followed 

different analytical paths in pursuit of the same goal. They developed their models 

of structural behavior and then applied them to the limitations of the material. 

The difference between the two approaches was that engineers used model thinking 

and analysis to develop their projects based on structural behavior; Viollet-le-Duc 

used them based on material characteristics. The engineers' approach proved 

the simpler process, and, as a result, innovative structures in iron soon became 

common in railway or bridge building, while in architectural form they remained 

visionary for another century. 
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Nevertheless, Viollet-le-Duc's proposals attained much the same result using 

his method, and from the market hall it was a simple step for him to develop the 

idea of skeletal iron construction in the form of proto-frames. In contrast to engi

neering designers, who made a clear distinction between masonry and iron 

construction, Viollet-le-Duc insisted on using both materials together, thus 

expanding the traditional masonry idea of a stone skeleton that worked only in 

compression . In future, he wrote, stone would take the compression in a structure 

and iron the tension, shear, and torsion. He separated the role the two materials 

played according to their characteristics and, without expressing it, implied an idea 

that would later become both reinforced concrete and composite construction 

(Figure 2.45) . 

Viollet-le-Duc's focus lay on form and space and not on structure and function 

alone, as did the engineers' focus. He could now vary the geometrical principles 

of Gothic ribbed vaulting infinitely and design filigree structures that loaded the 

foundations far less than their predecessors had done. 

65 



Tom F. Peters 

Compression and tension connections, for instance ball-and-socket compres

sion connections taken from the human skeleton by using associative thought, 

suggested new architectural forms (Figure 2.46). In contrast to the more limited 

path that engineering designers followed, Viollet-le-Duc worked both traditionally 

with analogy the way builders had advanced their art for centuries and using 

model thought. 

In analogy to medieval hammer-beam roofs in wood, the composite st ructures 

he designed (Figure 2.47) could apply their roof loads low on the lateral walls and 

avoid the need for exterior buttressing while opening th e thinner walls between 

the points of load applicati on to large windows. At the same time, domes and vaults 

cou ld be thinner since they only had to resist compressive forces, which even 

permitted openings in the roofs. 
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The introduction of iron in construction 

Step by step, Viol let-le-Duc's des ign experiments led him in the direction of 

pure iron structure. His fertile imagination envisioned iron membranes for roofing 

systems (Figure 2.48) and he developed what we would today call folded-plate 

structures as a radical reinterpretation of Gothic ribbed vaults. Viollet -l e-Du c 

formulated his radical thoughts in twenty lectures that he publi shed in 1863 and 

1872. Their influence on designers who wanted to use the new material was far

reaching. 

He practiced the design strategy of translation- that is, taking a solution 

associatively from the l1uman skeleton or masonry const ruction and rethinking it 

in iron . That is, however, only half tl1e process of successful design; he then trans

formed the resu It, from ribbed vaulting to folded -plate construction, a membrane 

structure in iron that was similar to corrugated iron sheeting patented by an 

Englishman, Henry R. Palmer, in 1829 3 5 Viollet-le-Duc's was a radically different 

form of thinking than the more limited form that engineers were using at that 

time. They did not use translation and transformation, but only model thinking. 

Viollet-le-Duc's design thinl\ ing was not unique, however ; it very much resem

bled what was go ing on in the American Midwest at the time where heavy timber 

construction was being transformed into the light-wood frame (Figure 2.49) and 

translated into a design dialectic between pane l and frame construct ion (Figure 

2.50). 
The grea t value of what he did for practitioners was that Viol let- le-Du c fo llowed 

th e co11sequences of his thinking from the concept right down to the most prag

matic detai ls. He was what we today call a system thinker, an architectural form 

of technological thinking in the use of new materials that led to new forms and new 

types of structures. The illustrations to his lectures contain serious and far-reaching 

proposals lil\e the first stiff , iron-framed, cur tain-wa ll building with all its detailing 

carefully thoug l1 t out (Figure 2.51) in a way that appears almost modern to us 

tod ay, 150 years later (Figure 2.52). This exerted a major influence on future 

building. Tile ear ly Chicago builders knew Viol let- le-Duc's lectures, a11d hi s thinking 

was the basis on which they developed a whole new building type: the skyscraper. 
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2.49 

The relationship between h~ 
timber framing and light "") 

balloon framing. 

Where did Viol let-le-Duc's originality stem from? He grew up in socially privi

leged circumstances. His mother kept a salon in Paris where writers and critics like 

Stendhal and Sainte-Beuve met. He was educated first by his mother's brother, the 

painter and critic Jean-Etienne Delecluze (1781-1863), a pupil of Jacques-Louis 

David. Probably as a result of this influence he was republican in temperament, 

with anticlerical and rebellious tendencies. He spurned the Ecole des Beaux-Arts 

and opted for architectural apprenticeships in the offices of Jacques-Marie Huve 

(1783-1852), a neoclassical architect who had worked for Percier and Fontaine 

and the Prix de Rome winner and educator Achille-Fran'<ois-Rene Leclere 

(1785-1853). Both of these architects were mainstream conservatives, however, 

and Viol let-le-Duc himself never came in official contact with the system of French 

engineering thought of the time. His analytical abilities must have been cultivated 

in literary form and he applied these (perhaps influenced by his mentors) to 
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The Introduction of iron In construction 

materials and their characteristics rather than to structural form or behavior. The 

original thoughts he developed concerning medieval construction and the infer

ences he drew from those for the formal potential of the new material iron came 

from a series of autodidactical studies that he did while restoring and adapting 

medieval structures and which found a first expression in his Dictionnaire raisone 

de /'architecture franr;aise du XI" au XVI" siec/e (1858-1868) and then culminated 

in his seminal Entretiens sur /'architecture (1863-1872). 

Conclusion 
Design is a complex human activity. It is creative invention and it functions through 

combinations of many different patterns of thinking. Design in building underlies 
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all form, space, function, and construction and it provides the theoretical under

pinning of the creation of the built environment. Whereas thinking patterns did 

proliferate in traditional masonry and especially in wood construction before the 

Industrial Revolution in many cultures, the introduction of the new materials iron 

and then reinforced concrete accelerated innovation in design thought. Thus far, 

only part of the picture, scientific-based model-thinking, has drawn the attention 

of researchers and this needs to be supplemented by research into other modes of 

thought that stem from earlier periods, parallel developments, and other cultures. 

Only then will we be able to understand how builders think in detail, how they 

design and construct, and what distinguishes building from other forms of human 

endeavor. 
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redacting masonry 

• • eng1neer1ng 
Philippe Block 

Introduction: structural intervention in historic masonry 
For world-leading expert on historic masonry Santiago Huerta, there are three 

primary motivations for the intervention in historic masonry structures today, which 

he provocatively describes as "ignorance, fear and greed." 1 Huerta's indictment 

of structural intervention, far from being a flippant judgment, is based on a growing 

body of evidence that structural modifications are most often undertaken by people 

without structural competency in the knowledge of masonry systems, and with ill

founded justification from financial speculators in the field of restoration. Ironically, 

structural interventions may actually diminish the stability of historic masonry, 

shorten the life span, cause the collapse of historic structures, or lead to unnec

essary demolition. 

In 1963, for example, the exquisite, thin-tiled Guastavino vaulted floor system 

of the Metropolitan Museum of Art in New York City was torn down- not because 

it was in danger of collapse but because the engineer in question was unable 

to calculate the capacity of the vaults. 2 The original structure from 1900 was 

demolished with jackhammers, with extraordinary difficulty, and replaced with a 

steel beam system (see Figure 3.1). Far from being an exception, however, such 

practices are not uncommon in the conservation of architectural heritage today. 

While precautionary measures- or prudence induced by fear- may undoubtedly be 

considered an asset for the responsible engineer, ignorance on the topic of masonry 

engineering is currently acutely threatening architectural and cultural heritage. 

This alarming phenomenon in the field of masonry does not correspond with the 

widely accepted belief that engineering is at the pinnacle of its development. 3 On 

the contrary, it suggests that our structural knowledge is somehow impaired. As will 

be addressed in this article, this is not an outcome of merely technological defi

ciency, but rather a gross and contingent oversight in the dominant contemporary 

theory of structures. 
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