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Abstract:

In construction history, timber has been one of the most essential materials for
thousands of years. Both Italy and China have mature traditions of wood construction,
especially in roof construction such as the Italian truss system (Capriata) and the
Chinese bracket system (Dougong). This thesis summarises the existing studies of
historic roof construction in the Mediterranean area (especially Italy) and in China.
The thesis further aims to figure out what common design issues could be at play
and how each country has solved them over time. Based on the previous research,
it can be proved that the use of timber construction in Italy and China has both
similarities and differences. The thesis explores in which way these two types of
roof structure are similar or different, through the analysis and comparison of case
studies, and considering history, structure, culture, etc.
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1. Introduction



The study of architecture is not only about culture and concepts, but also materials.
When examining the history of architecture from the perspective of construction through
the form of architecture, a certain process should be the development and advancement

of tools and materials.

Wood is one of the earliest materials and has been the most fundamental construction
material since before the record of mankind’s history till the nineteenth century. The use
of wood in building construction can be considered back to circa 5469 to 5098 B.C., the
oldest known example could be the find of a wooden lining for a water well made out of
oak discovered in eastern Germany (Tegel et al, 2012). In the Vernacular architecture,
some materials could be very expensive and rare, therefore, timber had become the
most common material since it could provide both economic and sustainable advantages
during construction. Besides, timber has the advantage of its good compressive and
tensile strength as well as its lightweight, which made it the only suitable material for

beams and vaults at times.

It was Greece and Italy that gave rise to largely wood-built buildings throughout
Europe. The majority of the notable ancient Greek temples were first built in wood
and later reconstructed in stone after 650 B.C.. Many of these temples were rebuilt
multiple times, with the most recent reconstructions often being done in response to
damage from wars or natural disasters. In fact, “petrification” or “petrified carpentry”
(Strickland and Handy, 2001) was the term used in ancient Greek to describe the
process of replacing a wooden construction with stone. Later, the ancient Greek and
Roman architects invented the timber truss which increased the roof span and enabled
the development of public buildings, it thus became a great significant milestone in
the history of timber construction. In Greek and Roman construction, wood was
developed not only as a roofing material but also in furniture and ships. Although most
of the medieval and earlier wooden structures could not be preserved until nowadays,
carbonized beams and furniture found in the volcanic mud of Italy’s Herculaneum and the
shipwrecks which still existed in the Mediterranean sea could all prove the importance of

wood in the Roman periods (Ulrich, 2017).

In ancient China, due to the climate and temperature, forests were easier to find. This

made wood become easy to collect and the most used material. In particular, human



society has made great progress in terms of tools from the Stone Age, through the
Bronze Age, and then into the early Iron Age. The efficiency of people’s logging of
wood has improved and the precision of wood processing has also improved. Further,
the wood frame composed of tenon and mortise joints along with the flexibility of the
wood itself has a certain degree of mobility, so the whole wooden frame has great
potential to reduce the damage of earthquake force. Because of the tenon and mortise
joints which are detachable, it is easier to replace a certain component or dismantle
and relocate the whole building. In addition, timber-framed structures do not require
a long construction time. In ancient China, the monarchy was supreme and every
emperor would build new imperial buildings. Therefore, the quest is for quicker
construction instead of lasting eternity. While in Europe, theocracy is more respected
than the monarchy, there is no need to replace religious buildings frequently. So that
stone was often used to construct religious buildings such as churches and monasteries
which could last for thousands of years. Timber was also used due to Chinese people’s
aesthetic and cultural characteristics. In China’s popular Five Elements theory?, wood
symbolizes life and is also ranked at first in the five elements. Chinese architecture
showed the flexibility of timber combined with Chinese culture. The stable structure,

beautiful texture and harmony with the surrounding could reflect Chinese culture.

Both Italian and Chinese timber construction faced the problem of the span. On the
one hand, medieval Italy was a highly religious based country and the need for large
free-span space for believers evoked the design of timber trusses. On the other hand,
public architecture like theatres and baths became popular during the Roman Empire,
it also promoted the development of trusses. When considering the situation in China,
timber roof construction has always been the huge focus in architectural design since
it represents imperial power, while Dougong as the link of roof and building body had

constantly developed during the dynasties.

1 Five Elements Theory (Z#75#%): The Five Elements Theory is a Chinese philosophy used to describe
interactions and relationships between things. Five Elements-Wood, Fire, Earth, Metal and Water each
contain its energy and sensation and they are considered as the fundamental elements of everything
(Ma et al, 2014). Five Element Theory had great influence on ancient Chinese architecture, for example
the location, layout, selection of materials, use of colors and so on.



Although Italy and China both have a long history of timber roof construction, the logic
and construction techniques were different. So far, there have been respectively many
books and research on the topic of Italian and Chinese timber construction, some studies
of the comparison between western and Chinese construction were also presented.
However, not many resources on the comparison between Italian and Chinese timber
roof construction and especially of the structure Truss and Dougong. This thesis primarily
focuses on the similarity and differences between timber roof construction in Italy and

China with the research on the roles of timber trusses and Dougong structure.



2. Timber roof construction
in the Mediterranean area

Letarouilly, Paul-Marie. Basilica di San Paolo fuori le mura. 1849



Since the origins, roof construction had primarily the function of protecting humans from
rain, snow and other natural phenomena, which is still the most basic function. With the
development of architecture, roofs started to contain as well as an aesthetic function
apart from their structural function. In architectural history, the appearance of the roof
could be considered a sign of a genre of architecture and a concentrated expression of
spiritual connotation. The appearance of the roof varies with the passage of time and has
experienced multiple periods of stylistic evolution. From the ancient Greek construction,
pitch roofs became the standard roof form for large scale public architecture such as
theatres, temples and government halls. Further, as the ancient Romans developed from
the ancient Greek roofing techniques, aesthetically, many ancient Roman temple roofs
were modeled after this Greek style for example the pediment (see figure 1) could be
one of the major characteristics of both Greek and Roman architecture. However, the

Romans adapted with more sophisticated constructions and durable materials.

Figure 1: The pediment of the Pantheon (Barry, 2014)

The reason why pitched roofs are the most used form of architecture in the
Mediterranean area is due to the climate reason, most of the buildings were
designed with sloping roofs, which are naturally conducive to drainage so that
problems such as water seepage, water leakage and cracking could be prevented.
It could be noticed that the slopes of pitch roofs are not always the same. One of
the influencing factors could be the time, the slope changed over time so steeper
slopes appeared in the later periods. In Ulrich’'s book (2007) where he claimed
the roof slopes based on previous archaeological surveys of ancient temples2, which
have more information recorded compared to other kinds of architecture. Temples

in the ancient period (6th to 5th century B.C.) were usually with a slope of 12 to
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15 degrees; while in the later Republic and Empire period (from the 2nd century B.C.
onwards), the slope changed to between 18 to 23 degrees. In the meantime, Brunetti
(2012) argued that another influencing factor of the degree to which roofs were pitched
changes along with the climate temperature. For instance, it could be observed that the
degree of slope is much greater in northern Europe compared to the Mediterranean area
due to the cold climate (see figure 2: the comparison of the pitched roof of the Temple
of Hephaestus in Greece and the Stave churches in Norway). The greater slope of the
roof in northern Europe is also affected by snowfall. If the slope of the roof is not enough
and the snow cannot fall in time, the accumulated snow will directly overwhelm the roof
and cause collapse. Or after the snow melts, if the snow water cannot be discharged, the

water would leak through the gaps in the roof.

Figure 2: Left: Temple of Hephaestus (Dinsmoor, 1975); Right: Heddal church of the Stave churches
(Kjerulf, 1848)

The construction technique of the pitched roof changed and developed over time. In
Greek construction, the roof structure was mainly supported by a timber skeleton or

frame (see figure 3). As Klein’s summary (1998) of Hodge’s opinion:

... the woodwork of Greek roofs generally consists of primary timbers (ridge
beam and purlins) and secondary timbers (rafters, battens, sheathing),
where the ridge beam and purlins run parallel to the long axis of the building
and provide the underlying framework for some or all of the secondary

timbers just listed...”

2 Ulrich’s study was mainly on Roman Forum and ancient Etruscan rock-out tomb in Cerveteri, San
Giuliano, Tuscania, and Blera.
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Figure 3: Greek roof framing (Klein, 1998)

For small-scale architecture, this kind of frame roof was directly supported by the
columns or walls, however, for larger spans, some intermediate supports were needed
for the ridge beam. The widely used method was called “Post and Lintel”3 roof (see figure
4) where “post” is a vertical element supported by columns or walls and connected by
the horizontal element “lintel” so that the ridge beam and rafter could be loaded on
“Post and Lintel”. As Hodge reported in his study of mainland Greek architecture (1960),
the biggest advantage of the “Post and Lintel” structure is that it's easier and better
in combination with the cantilever to support a deeper pediment on the front or back
of a temple. The Post and Lintel roof has remained for a very long time as the most
common structure of roof construction, in fact, it lasted even after the creation of the
truss roof and can still be found in many houses nowadays. The Post and Lintel structure
could only cover up to a limited span, which caused another obvious feature of Greek
architecture: the grid of columns inside the temples and halls. A famous example of
this type of roof could be the cella4 of the Parthenon (see figure 5) in Athens is covered
by a post and lintel roof for approximately 11 meters free span despite the help of
internal colonnades (Hodge, 1960). However, due to the weight of the roof structure

and under such a relevant free span, it could be risky that the beam tends to sag if it

3 In some books this is also referred to as “Prop and Lintel” roof or “Trabeated system”.
4 Cella: a proliferation of golden rectangles in the inner chamber of the temple (Ripley and Bhushan,
2016).



fails to bear the tension or is under the extra weight. Thus, spans beyond this range can

be covered more efficiently using tie beam trusses (Klein,1998).

Figure 5: Cella of the Parthenon (Ripley and Bhushan, 2016)

However, with the development of architecture, the span limitation of the frame roof

made it no longer suitable for construction. As Benvenuto wrote (1981)5:

“...le spinte orizzontali esigono robusti contrafforti che solo negli edifici
ecclesiastici possono essere realizzati, in secondo luogo perche su grandi

luci interviene la flessione delle travi. La forte pendenza del tetto che e

5 "..the horizontal rafters require robust buttresses that can only be built in ecclesiastical buildings,
secondly because the bending of the beams intervenes on large spans. The steep slope of the roof that
is required gives an unpleasant effect to the eye, as happens in many ancient roofs, for example in the
Tuileries in Paris, whose slate roofs are so high as to seem a second construction superimposed on the
masonry one..."



richiesta, da un effetto sgradevole agli occhi, come accade in molte antiche
coperture, ad esempio nelle Tuileries di Parigi, i cui tetti di ardesia son
cosi elevati da sembrare una seconda costruzione sovrapposta a quella in

muratura...”

Structurally, the main problem of the frame roof was its lateral thrust to load-bearing
walls or columns underneath while for the Post and Lintel roof another drawback could
be the weight of the roof with the vertical and horizontal elements inside. In order to
overcome the problem of a heavy roof and eliminate the lateral thrust, it is necessary
to connect the rafters of both sides at their base level with a stretched element called
the “Catena” (Tie beam) (Brunetti, 2012). This triangle structure is the basic form of

“Capriata” (Truss).

With the need for a longer span of the Roman civic basilica and the public buildings,
especially free large span architecture such as theatres and churches, the simple post
and lintel structure no longer met the construction requirements. The main design goal
for these kinds of public architecture was to optimize the availability of space. Thus,
it was necessary to avoid structural barriers such as intermeddle walls or the grid of
columns between the speaker and hearers. Truss has therefore become the leading
structure of roofs. Different types of wooden trusses have been developed to guarantee
the coverage of substantial spans and be able to support the roof weight at the same
time. Compared to the post and lintel roof, smaller and lighter types of wood were used
for the truss roof. The most obvious advantage of the truss roof is to better support
the weight of the roof and provide larger space to be spanned. The simplest truss form
consists of three pieces of wood which form an equilateral triangle: two rafters and a
horizontal tie beam. The tie beams act in tension, counteracting the lateral thrust of the
rafters. The simple truss which is called “Capriata semplice” (simple truss) could reach

a roof span of 8 meters without intermediate support.

Each truss component is subjected to different stresses: in its minimal configuration,
rafters are subjected to compression and bending, while the tie beam is subjected to
tension. Essentially, the truss could be seen as a use of the concept "non-deformable
triangle" that has the advantage of eliminating horizontal forces due to its triangular

structure (Macchioni and Mannucci, 2018). Therefore, trusses have a fundamental
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difference from post and lintel structures, because trusses are usually structures without

thrust.

However, the truss was not the only structure to solve the problem of large span roofs.
Another method was to construct the posts close to the two ends of the beams in order
to reduce the load and bending moments in the middle of the beams and prevent them
from breaking or bending. For instance, the roof of the Castello di Valentino in Turin (see
figure 6) was composed of a ridge beam, five series of purlins and three layers of beams

and posts (Bertolini Cestari et al, 2015).
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Figure 6: Left: detail of the timber frame roof of Castello di Valentino (drawing by Bertolini Cestari
1986); Right: photos of Castello di Valentino
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2.1 The orientation of the timber frame

In the simplest form of post and lintel structure, the pitched wooden roof can be carried
by a sequence of beams or joists and the direction of the main beams is fundamental.
One of the arrangements is with a series of beams in the direction of the slope purlins
supported by longitudinal beams and walls. Nowadays in Northern Italy, this type of
arrangement is called “L’orditura Piemontese” (Piedmontese frame) (see figure 7 left).
Another arrangement is that the beams are perpendicular to the slope rafters and resting
on the gable walls, which is called “L'orditura Lombarda/Romana” (Lombard/ Roman
frame) (see figure 7 right). In both cases, the spacing of beams or joists can vary
widely, depending on the characteristics of the vertical load-bearing structure. These two
kinds of frames without a transverse beam are typically used for a limited span which is

typically no more than 5 m.

L'orditura Lombarda/Romana: The Lombard roof is a pitched roof characterized by a
particular load-bearing system where the primary beams that support the roof, terzere,
are parallel to the eaves and the load-bearing walls are transverse. In the Lombard
arrangement, the rafters are placed at a distance of 3 to 3.5 meters in between each other
while the secondary beams are placed with a spacing of 1 to 1.7 meters (Brunetti, 2012).

Since the beams are parallel to the walls, there is no thrusting force from the roof structure.

L’orditura Piemontese: In the Piedmontese roof, the horizontal load-bearing
elements “terzere or arcarecci” (secondary beam) rest on inclined beams “puntoni”
(rafters) supported by longitudinal walls and the “co/mo” (ridge). In the Piedmontese
arrangement, the rafters are placed at a distance of 1.2 to 1.7 meters in between each
other while the secondary beams are placed with a spacing of 0.6 to 1 meter. The spacing
of the components is much closer compared to the Lombard roof arrangement. Another
fundamental difference between these two arrangements is that the Piedmontese roof
requires a central wall or ridge in order to support the rafters. With one end of inclined
beams loaded on this central wall or ridge and the other end loaded on the walls at both

sides, a force pushing to the side walls would be generated.
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Figure 7: Left: Piedmont roof; Right: Lombard/Roman roof

Same as the post and lintel roof, the truss roof also follows the arrangement of Piedmont
or Lombard/Roman framing. Figure 8 shows the modified scheme of the Piedmont and

Lombard/Roman roofs with trusses.

Figure 8: Left: Piedmont roof with truss structure;Right: Lombard/Roman roof with truss structure
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3. Truss



3.1 History of truss

The question to identify a truss used in buildings has always been based on technical
grounds and generally arises only when the width to be spanned without intermediate
supports exceeds 11 meters (Klein,1998). Although there is no existing example of
timber roofs from ancient Greek architecture, it could still be observed based on the
archaeology activities and research about the roof construction of Greek temples. On the
basis of indirect evidence that can be found in stone remains, some authors for example
Hodge® (1960) and Klein7 (1998) supposed that timber trusses had already been used in
the Greek temples at Selinus (Sicily, Magna Graecia) in the 6th century B.C.. The Greeks
used trusses extensively in roofing. Further, according to the need for more interior
space in the later period, the use of trusses for expansion of span was also presented
in Roman architecture and the construction of large halls became possible. According
to the researchers8, the oldest and still existing trusses are those of the church in the
fortified monastery of St. Catherine on Mount Sinai (see figure 9), dating back to the
mid-6th century A.D.. The trusses designed by the architect Stefano di Eilath already
have all the characteristics of subsequent constructions except for the absence of the

connecting strap between the king post and the tie beam (Tampone, 1996).

Figure 9: St. Catherine on Mount Sinai (Roberts, 1849)

6 Hodge, Trevor. 1960. The Woodwork of Greek Roofs.

7 Klein, Nancy L. 1998. “Evidence for West Greek Influence on Mainland Greek Roof Construction and
the Creation of the Truss in the Archaic Period”.

8 Fielden and Bernard. 1994. Conservation of historic buildings.
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In Roman architecture, the original trusses in bronze used to support the porch roof of
the Pantheon that finished by 128 A.D. which were shown in Renaissance drawings could
be considered as the earliest evidence of a Roman building which used a truss structure
in Italy (Tampone, 1996). Therefore, it could be assumed that by that time the tie-beam
truss roof had already been spread around Roman architecture. From the Medieval, the
truss was mostly used for large-scale timber construction mainly in civil architecture and
religious architecture. Compared with the Greek construction techniques, the Roman
truss system provided more flexibility of the frame and a larger span distance between
vertical load-bearing structures such as columns and walls (Ulrich, 2017). At the end of
the 16 century, long-span structures were developed rapidly in Italy according to the
need for new forms of architecture such as Counter-Reformation churches and larger
space political buildings. These architectures have the main function of gathering that
highly required free span spaces, thus, the solution of eliminating the supporting vertical
elements in the middle of space by trusses had been developed as well. In addition, in
terms of the choice of material, most of the large-span structures have good performance
in tension and compression whereas timber becomes an appropriate material for large
span structures due to its strength and stiffness. Timber trusses generally give a solution
for spans over 25 to 30 meters. For larger spans, trusses are typically spaced 5 to 12
meters in between each other (Crocetti, 2016). In the development process of trusses,
the constructions rely heavily on the material supplement, local culture and functional
needs. Till the 19 century, apart from religious architecture, trusses have been used for
residential buildings and bridge construction as well. The use of the truss continued in
the 19 and 20 centuries, especially in the construction industry, alongside the traditional
wooden material, metal trusses were started to be more used in order to obtain more

resistance to traction.

The specific name of the truss structure has been changed since the medieval until now.
In Italy, the word “capriata” was actually started to be used only after the 19 century
(Guardigli, 2021), before that this roof structure was first indicated as “armanmenti”,
a necessary piece of equipment for the operation of ships. Besides, the words
“incavallatura” or “cavaletto” have also been used starting from the 15th century till
the 19 century. Finally, the word “capriata” which is widely used in the Italian language
nowadays came from “capra” in Latin which indicates an ancient tripod that was later

introduced to define a structure that would not transfer any horizontal loads to the walls.
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3.2 Definition

Most types of traditional trusses consisted of the following components.

1. Rafters (puntoni): Inclined beams that are stressed by normal force and bending
moment. The rafters exert on the tie-beam a thrusting action and tensile stress.

2. Tie beam (catena): A horizontal element that supports tensile stresses on the
supporting point of rafters. Its function is to cancel the horizontal component of the
thrust by joining the opposite ends of the rafters so that the weight of the entire structure
could be transferred to the wall where it is located by vertical action.

3. Post (monaco): A vertical element in the middle of the capriata. It has the function
of connecting and limiting the bending moment of the chain. With a metal bracket
anchored on the “sides”, it perfectly fulfills the task of restoring part of its weight to the
key of the three-hinged arch, or to the head of the two rafters, as well as the bracket
that surrounds the chain prevents twisting of the structure. For larger spans, a form of
two vertical elements to replace the king post was generated and they were referred to
as queen posts.

4. Braces/Struts (saette): The elements with an inclination opposite to that of the
rafters that limit the deflection of the rafters themselves, discharging the compression

force to which they are subjected onto the king post

Traditionally, the truss should contain at least three elements: rafters on both sides and
a tie beam, in which the rafters are stressed under compression and the tie beam is
subject to tension. This triangle form structure could be seen as the simplest appearance
of a truss as called “Capriata semplice” (simple truss). A simple truss could cover a free

span of up to 8 meters.

In the simple truss, the tie beam must be strong enough to resist traction, but in the
meanwhile, it can not be so heavy that it could be bent in the middle. Therefore, it
was very difficult to achieve a longer span with this type of truss. The appearance of a
vertical support “monaco” (king post) that contrasts the inflexion of the tie beam was
considered the beginning point of the truss evolution (Benvenuto, 1981). As mentioned
above, the basic structural logic of the truss is the indeformable triangle. Therefore, it is

possible to obtain a greater rigidity and resistance to bending by increasing the number
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of reticular meshes of the structure, which became a general rule to make it possible
to cover longer spans. According to this rule, the simple truss with a vertical element in
the middle (see figure 10) which divides the form into two triangles was generated and
known later as “Capriata semplice con monaco” (King post truss). However, the theory
of enhancing the truss by increasing indeformable triangles inside can only be adopted
when the post is mortised to the tie beam. If the post and tie beam did not have a rigid
connection (as an open-joint truss which will be discussed later), then the structural

performance was not improved as much as the closed-joint truss.

/L

Figure 10: King post truss (Capriata semplice con monaco)

For short span roofs, the king-post truss is the most common truss form which could
cover a span distance from 4 meters to 15 meters. In the classic scheme, the king post
is detached from the tie beam and the two are connected by U-shaped metal straps. In
such a way the vertical load is not transferred to the tie beam, which only has to resist

the outward thrust from the principal rafters in addition to a load of its own weight.

A simple evolution of the king post truss is called “Capriata semplice con saettoni” (King
post truss with struts), with the addition of diagonal struts (see figure 11), the king post,
which serves as a tension member, receives the roof loads that are imparted to the top

chord. Struts also contain the function of preventing rafters from inflecting in the middle.

a /
\

/

Figure 11: King post truss with braces (Capriata semplice con saettoni)
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Figure 13: Queen post truss with braces (Capriata composta alla Palladiana)

Valeriani discussed (2005) that the word “Palladiana” was after the famous architect
Andrea Palladio not only because he used plenty of queen trusses in his projects but this
type of truss was also presented in his surveys and drawings of classical architecture. It
could be therefore assumed that it has some connections with the ancient construction
tradition. Actually, the term “Palladiana” is often used to describe the truss structure
characterized by rafters, tie beam, straining beam, secondary rafters and posts which
could be from one to three, mostly two on both sides but in some cases as the truss
in Basilica di San Pietro in Vincoli® in Rome. As shown below (figure 14), the roof was
supported by three post trusses and simple trusses. Another example could be the truss

in Basilica San Paolo Fuori Le Mura® whose roof covered a span of circa 26 meters has

9 Basilica di San Pietro in Vincoli was firstly built during 432 to 440 and had been rebuilt in 8 century, 15
century and 18 century. The architectural drawings here were from the survey during the 18 century.
10 Here the case is based on Rondelet’s drawing in 1814 which was before the great fire of Basilica San
Paolo Fuori Le Mura in 1823.
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been considered a magnificent example of simplicity and verve. In this case, there were
three posts (see figure 15) and the rafters were reinforced by extra pieces of wood called

“sottopuntone” (secondary rafter) placed under.
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Left: Figure 14: Trusses of the Basilica di San Pietro in Vincoli (Giovanetti, 1997)
Right: Figure 15: Basilica San Paolo Fuori le Mura at Rome (Rondelet, 1814)

The queen post truss became popular at the end of the 18th century. The reasons could
be first the queen post truss required shorter lengths of timber compared to the king
post truss under the same span. In addition, queen-post trusses provided usable space

inside the roof (Yeomans, 2015) and lowered the degree of pitch roof.

From the above evolution of trusses, the Italian truss could be further divided into two
main types. The types differ from each other in the relationship between posts and tie-
beams: they are called closed-joint and open-joint trusses (Barbisan and Laner, 2000),
depending on whether the posts are connected with a carpentry joint to the tie-beams
or not. In the closed-joint trusses, posts could be connected to tie beams with tenon-
mortise joints or with dowels, as in the basilicas of St. Peter (figure 16 left) and St.
Paul in Rome (figure 16 right). In open-joint trusses, the posts are physically detached
from the tie beam such as in the trusses of St. Catherine on Mount Sinai but possibly
linked with a metallic strap. In this case, the metal straps only play the structural role
when the tie beam is bent. Furthermore, when the upper part is sinking or the joint of
rafters and king post become cracked, extra compression directly to the tie beam could
be prevented by separating the king post and tie beam. The open-joint truss was the
classic type from the Renaissance period for example the trusses (see figure 17 left) of
the Salone dei Cinquecento in Palazzo Vecchio in Florence built in the 16 century, it was

also used as the construction example in many handbooks. In Baldi’s sketch (1621) (see
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figure 17 right), the figure he used to explain the mechanism of the truss was an open-

joint truss.

=

Figure 16: Left: Section of the Basilica of St. Peter (Spagnesi, 1995); Right: Detail of a closed joint
truss of the Basilica St. Paul (Valeriani, 2012)
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Figure 17: Left: Open-joint trusses in Palazzo Vecchio; Right: Bernardino Baldi’s sketch of king post
truss with open-joint. (Nenci, 2011)

In Italy, the use of closed-joint trusses and open-joint trusses differs from regions
(Valeriani, 2006). For instance, in the northern and central parts of Italy, closed-joint
trusses had been used mostly. In both cases of having the king post or queen posts
mortised to the tie beam (Capriata con nodo chiuso) or simply connected (Capriata
monaco appoggiato). Taking the Veneto region as an example, in both Santi Giovanni e
Paolo and Santa Maria dei Frari (figure 18) in Venice the closed-joint trusses had been
used. While for the truss cases in Rome, the king post and tie beam were not connected
but linked with metal straps (Capriata con nodo aperto). For a long time, closed-joint
and open-joint trusses coexisted and had been developed in the work of carpenters in
different regions of Italy. However, since the 16th century, the advantage of closed-joint

trusses has gradually diminished, which will almost completely disappear by the end of
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2019 (Barbisan and Laner, 2000). Although many researches of the existing examples
showed during the 16th century most of the truss structures were applied with open-
joint trusses. In a popular manual during that time, Seven Books of Architecture by
Sebastiano Serlio of which first incomplete edition was published in 1537, the drawings
of Capriata used closed-joint trusses. Guardigli (2021) argued that might be because
at times the construction focused more on practice rather than books. Serlio’s manual
presented only the example and module of trusses, however, there was not any detail
of joints or choice of beams described. From which it can be speculated that after

the structural form was designed, most construction details were determined by the

experience of the craftsmen.

Figure 18: Closed joint trusses in Santi Giovanni e Paolo (left) and Santa Maria dei Frari (right)
(Valcanover and Wolfgang, 2000)

To better understand the reasons why open-joint trusses showed such good performance
in structure compared with closed-joint trusses, it is necessary to analyze the construction
details of both structures and to understand their static behavior. Taking into account
the general technical background of the time in the meanwhile. According to Zamperini's
analysis (2015), it shows that in the case of a closed joint truss if the joint of the rafter
and tie beam progressively reduce its resistance, the tie beam would tend to support the
post which would further cause the tie beam break in the middle point where contains
most load. The structural degradation of the joint point could be caused due to extra
weight on the roof structure or simply because of the decay phenomena of wood. While
the open joint trusses indicate efficient functioning in accordance with the idea of a non-

deformable triangle without having a rigid connection between the post and tie beam.
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Besides, the open joint trusses suit better with the lower pitch and as discussed above,
most Italian roofs contain low-pitch roofs compared to the average slope in Europe

according to the Mediterranean climate.

3.3 Connection

In the TFEC (Timber Frame Engineering Council) guide (2020), it said that ideally,
each component of a truss meets at joints that are idealized as hinges or pins that are
incapable of transmitting bending moments. The force would be applied at these joint
nodes, which keeps the truss itself shear-free. However, in a real truss, the self-weights
of each component should also be taken into consideration. So the truss responds to
applied loads with a combination of axial stress, bending moments, and shear in their
members. Since joints have such an important role in the structure, studying the joints

could be one of the most important methods to analyze trusses.

The elements of the truss could be assembled together in various ways, including creating
clamping slots in the wood and using dowels or connecting through hardware such as
screws and nail plates. The earliest Greek method for connecting wood species included
scarf-joint, tenon and mortise joint, lap-joint, dovetail joint and etc. (see figures 19 and
20). These different joints changed the connecting surfaces in order to resist tension,

compression and flexion within the wood structure (Adam, 1999).The Romans continued
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to use these pure wood connection technique until the iron was used, it quickly became
an essential material for the joints. The metal elements were added at various joints to
reinforce wooden trusses especially the metal strap between the king post and tie beam.
In Italian woodworking, it has been a tradition to combine wood and metal (Valeriani,
2006). The use of metal pins and nails in carpentry to connect pieces of wood could be

dated back to the Roman period.
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Figure 20: Timber jointing (Adam, 1999)

Apart from the general connection of wood pieces, the joints of various components
also determine the structural performance of a truss. Firstly, the joints of the tie-beam

to the rafter are for sure the most stressed within the whole truss (Barbisan and Laner,
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2000). In this node, the force would divide into both horizontal and vertical directions.
The vertical force becomes the compression through the intersection surface, while the
horizontal force expresses the tension that is connected with the tie beam. A structurally
good module would be that the three axes of the rafter, tie beam and wall all meet at one
point as the conditions a,b,c in figure 21, otherwise the misalignment would generate
bending moments as well as tangential tensions (see condition d in figure 21). From
the historical manuals (figure 22), it could be seen that the original connection at this
node used the tenon and mortise. On the types of joints, it is also possible to resort to
more or less complex joints, riveting, bolting and stirring as some examples are shown
in figure 23. The choice obviously depends on the preference for appearance or on the
availability of the equipment. In the majority of the constructed examples, this junction
was created using a single or double-tooth connection with the assistance of a few nails
that are pushed perpendicular to the rafter (Barbisan and Laner, 2000). Almost always,
metal U-plates and metal wedges are used to keep the joint in place. For fire protection,

bolts and nails are preferred choices.

d)

Figure 21: Connection of the axes of rafter and tie beam (Barbisan and Laner, 2000)
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Figure 22: Tenon and mortise connection between rafter and tie beam (left above (Gandolfo, 1869);
Left below (Breymann, 1985); Right: Encyclopédie ou Dictionnaire raisonné des sciences, des arts et
des métiers, 1765)

Figure 23: Examples of
connection of rafter and tie beam
by T. Krauth and F. Sales Meyer

(Barbisan and Laner, 2000)

Another important node is the joint of rafters and posts. Due to the contrasting effect
of rafters on both sides, the top part of the post tends to be compressed. In most
common types of truss, the post has the main function of enhancing the resistance
to bending moment and also the constructive function of facilitating the connection
between rafters (Brunetti, 2014). If the rafters were connected directly to each other,
the case would be that they meet at the corner of two rectangles that generate
excessive stress concentrations in the head of the rafters. However, as shown in

figure 24 there were still some architects such as Aluisetti and Pizzogalli (1827) that
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proposed solutions withing cutting the corner of rafters but connecting them with metal
straps. The more common method on this nodo was to cut off the corner of rafters and

insert them into the post with tenon and mortise joint as in Breymann’s book (1985).

Figure 24: Left: connection with the corner of rafters remained (Aluisetti and Pizzogalli, 1827); Right:
tenon and mortise connection between rafter and post (Breymann, 1985)

Finally, when considering a truss as a roof element, it would be necessary to analyze
the connection between the truss and load-bearing walls. A good connection between
the truss and wall could increase the stability and integrity of the roof and the whole
building in order to against the cyclic forces under earthquakes and reduce the risk
of collapse. The oldest connection between timber truss and masonry walls was to
insert the rafters and tie beam directly inside the wall with a depth equal to half or
more of the thickness of the wall. Normally small masonries or grouting materials
were used around the ends of wood tie beam in order to fix the truss (Solarino et
al, 2019). Later, considering the different characteristics of materials and especially
to prevent the decay of wood species (Barbisan and Laner, 2000), an air gap was left
between the tie beam and masonry (see figure 25). Similar as the connection of rafters
to tie beam, the combined use of metal and wood quickly replaced the pure wood
connection, the use of adding a metal strap inside the wall and connecting to the tie
beam could enhance the mechanical properties. In some cases, the strap to fix truss
to the wall is also connected to the metal U-plates between the rafters to tie beam so

that the integrity of the truss itself and with the masonry would be further improved.
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Figure 25: Air gap between tie beam and masonry wall. (Liotta, 1994)

3.4 Influence

With the “Grand Tour” started flourishing after the Renaissance and particularly in 18th
century England, young scholars were traveling around Europe with Italy as a key
destination. They focused on Greek and Roman history, art and architecture to study
the cultural heritage from antiquity and Renaissance. Some researchers organized and
published books and articles to spread Italian architectural knowledge, and some of the
young architects from other countries in Europe also collaborated with local projects
to achieve a comprehensive understanding of the construction techniques. Italian
architecture had thus grown great influence through both indirect and direct ways of

propagation among countries in Europe, especially in England.

From the map (see figure 26) of the route of the “Grand Tour” in Italy based on the
book <Dictionary of British and Irish Travelers in Italy>, it could be seen that big cities
like Rome, Florence, Venice and Naples were the focus of the visit. As the difference
and area of influence of the Piedmont and Lombard/Roman framing have already been

discussed above and based on the cities they visited during the Grand tour, a conjecture
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could be drawn that the Lombard/Roman roof frame might have a greater and wider
influence in other countries. At the same time, the Piedmont roof frame was more of a
local construction practice in the northwest part of Italy but also have some impact in

the area of France and Switzerland which are at the borders with Italy.

@

Figure 26: Map of places visited by

Grand Tourists (Ceserani et al, 2017)
While talking about the influence of Italian truss in other countries, the most well-
known evidence could be the Wren and Jones’s truss in England from 16 century to 18
century. Inigo Jones was one of the earliest groups of architects who brought Italian
roof construction techniques to England and proposed a new way to build free-span
architecture. Before that, most of the large span architecture in England still used post
and lintel or arch structures, some examples of pitch roofs with truss structures were
presented in south England but mostly used queen post truss. Jones learned from Palladio
and Serlio’s detailed drawings (Yeomans, 1986) and introduced the king post truss roof
to achieve a large span distance with less heavy structure. Following the achievement
of Jones, the king post truss was also the most used form in Christopher Wren’s design.
His works (see figure 27) were dedicated to further development and standardizing the

king post truss structure but still used the Italian model (Campbell, 2002).
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Figure 27: King post trusses in Christopher Wren’s works (Campbell, 2002)

Another fact that could be observed from Jones and Wren’s works is that the trusses
used were mainly closed-joint trusses. As discussed before, the use of closed-joint
trusses had already been reduced in Italy from the 16 century, whereas by the time
when Jones and Wren traveled and studied the Italian truss structure there were still
many closed-joint trusses presented, which led to both Jones and Wren’s work used rigid
connections between post and tie beam. Valeriani (2006) proposed that Jones’s choice of
closed-joint truss was based on his study of the bridge at Cismone from Palladio’s book
<I Quattro Libri dell’architettura>. From the detailed sketch (see figure 28) he left under
Palladio’s drawing it could be assumed that although in Palladio's original drawings he
did not explain the joint detail between the king post and tie beam, Jones might have
combined it with his own understanding of which the connection here was a closed-joint

truss. Although here the case was a timber bridge, not a roof, it was still a meaningful
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analogy and showed Jones's interest in scrutinizing the connection between the post and

tie beam (Valeriani, 2006).

Figure 28: Inigo Jones’s sketch (Jones [1573-1652] 1970, Book III, p.15) (Valeriani, 2006)

31



3.5 Case study

The Venice Arsenal built from 1104 was the largest industrial building group in Europe
before the Industrial Revolution in which a large number of trading ships were produced.
In 1258, it appeared the first document recorded that the Venice Arsenal become a
state shipyard factory. Later in the 14 century, it was also used as a storage for timber
materials (Dalla Costa et al, 1994). Until now, due to it large scale and historical value,

the Venice Arsenal is still being used for exhibitions, museums and international events.

Since the building group had the initial function of constructing shipyards, lots of the
buildings required long span roofs where the truss structure was more adaptable.
Within the roofs in Venice Arsenal, different types of trusses were used according to the
construction time from 1300 to 1900 (Menichelli et al, 2009) and the different spans

needed; figure 29 shows the roof construction times and the i