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Abstract: In this paper the focus is on a historic context of a few milestones in the development of structural integrity, which closely follow development of human civilization. 
Starting from the Great Pyramids in ancient Egypt, this story leads us through the history of stone, concrete and metal constructions as follows: Hagia Sophia, stone (Mostar) 
and iron (Shropshire) bridges, skyscrapers (Eiffel tower, Burj Khalifa) and sky reaching airplanes (Airbus A380). In each case, the most important aspects of structural 
integrity are presented, as well as an analysis of driving force for its creation. This paper is dedicated to the memory of Prof. Stojan Sedmak (1929-2014), father of the 
fracture mechanics in South East Europe and the author of the original version of the paper, written 10 years ago with different focus, [1]. 
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1 INTRODUCTION 
 

Historical and archaeological data show that people 
even from prehistoric times built various structures,                   
including places to live, bridges, temples, amphitheatres, 
dams, canals and roads. Building materials have changed 
throughout history and some of the ancient structures are still 
considered exceptional today. The history of structures 
overlaps with the history of construction, metallurgy, 
carpentry, and many other areas. Some early building 
materials, such as tree branches, leaves and animal skins, 
were short-lived. The more durable natural materials were 
stone, clay, wood and brick, whereas modern, synthetic 
materials, such as concrete, metals and plastics, not to 
mention composites, are dominantly used. With the 
development of new materials and design concepts, man has 
mastered the ways of making challenging constructions 
fulfilling ever increasing structural integrity requirements. 

Term "structural integrity" describes how fracture                   
mechanics principles can be used to prevent a failure, [1]. It 
heavily relies on fracture mechanics as a scientific and                 
engineering discipline, first introduced to describe failure in 
service [2], and then applied to prevent a failure, leading to 
the notion of structural integrity. Few objects preserved 
integrity during centuries, and nowadays they are valuable 
historical monuments, following development of 
civilization.  

In this article significance and applicability of structural 
integrity from the historical point of view is considered. By 
that we mean a specific and original analysis of historical 
context in which some of the most important constructions 
in human history have been built. Toward this aim Great 
pyramids, Hagia Sophia, bridges starting from the stone ones 
to the metallic ones, skyscrapers like Eiffel tower, Empire 
State Building, Burj Khalifa and finally, sky reaching 
aeronautical structures like Airbus A380, are analysed both 
from structural integrity and historical point of view. 
 
2 SIGNIFICANCE OF STRUCTURAL INTEGRITY 

ASSESSMENT IN HISTORICAL CONTEXT 
 
A historical overview of the development of 

engineering structures enables better understanding of the 
significance of structura integrity assessment, [1]. Toward 
this aim, some of the most significant achievements in 

human history are selected and considered in more details, 
both from structural integrity and historical points of view. 

 
2.1 The Great Pyramids of Giza 

 
The Great pyramids of Giza are the only surviving 

wonder of the Seven Wonders of the ancient era, [3], Fig. 
1. They were built 4.5 millennia ago and served as pharaoh 
tombs. The largest one is the pyramid of Cheops with its 
original height of 146.6 m, the highest man-made structure 
until 1880-ies. The exterior of polished limestone is mostly 
removed to be used in the construction of other buildings, 
so its height today is 137 m. 

 

 
Figure 1 The Great pyramids of Giza, [3]. 

 

 
Figure 2 Blocks that look like being cast 

 
Scientists still can't explain how 2.3 million stone 

blocks with an average weight of 2.5 tons were put together 
to build the Great Pyramid [3-7]. One of relatively new 
theories, proposed by Davidovits, is that the pyramids were 
cast in situ using granular limestone aggregate and an 
alkali-based binder, [8]. To investigate this theory, Michael 
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Barsoum and his research team used SEM and TEM, to 
prove this theory could also explain how the Pyramid tops 
were built, Fig. 2, [9].  

Historic context of Great pyramids is not completely 
clear, since we still do not know if they were just tombs or 
had more functions and/or symbolic meaning. In any case 
they were erected toward the heaven and certainly                
demonstrated the almighty power of a pharaoh, who 
ordered and inspired man force in Egypt to construct 
unprecedented structure, which remained the highest man-
made object on Earth until the late XIX century. 

 
2.2 Hagia Sophia Dome 

 
In the mid VI century A.D., Justinian I inaugurated the 

construction of a basilica in Constantinopolis, nowadays 
Istanbul, larger and more majestic than its predecessors, 
[10-12]. The main feature of Hagia Sophia is the dome, 
made of stone, one of the largest in the world. The first one, 
made during the reign of Justinian I, collapsed, while the 
second one, ordered by his suceedor Justinian II, still 
stands, providing important lecture in design and structural 
integrity. Namely, earthquakes in 553 and 557 initiated 
cracks in the main dome and eastern semi-dome, leading to 
its collapse during the subsequent earthquake on 7 May 
558, [13], mainly due to the excessive shear load of the 
dome, which was too flat to withhold it. As a consequence, 
the piers could not sustain any more the weight of the 
dome. Restoration started immediately, with lighter mate-
rials and hemispherical shape, giving Hagia Sophia its 
current interior height of 55.6 m and the present form, Fig. 
3. The most important feature are pendentives enabling 
optimal distribution of weight load from the circular dome 
to the rectangular supporting structure, comprising 4 large 
columns, in a form of the Roman arch. Later on, additional 
supporting elements were added on each of the 4 sides.  

 

 
Figure 3 Hagia Sophia, [7] 

 
After seeing the completed masterpiece, Justinian II 

reportedly said: "Salomon, I have surpassed thee", [14]. 
Obviously, driving force to build such a magnificent 
church was not only the usual historic context of                    
demonstrating the power and "reaching" the heights of 
God, but also competition with historic rivals, including 
Rome Pantheon and Salomon temple. In terms of dome 
diameter, Hagia Sophia did not surpass the Rome Pantheon, 
since its dome with diameter 43.3 m, built more than 500 
years before Hagia Sophia, still presents the world largest 
self-supported concrete object in the world, Fig. 4, [15]. 
Anyhow, one should notice that Hagia Sophia's dome was 
the first one to lie on a square support, thanks to the                     
ingenious design with pendentives, as already described. 

 
Figure 4 Pantheon cross-section with 43.3-metre diameter sphere fitting under 

its dome, [10] 
 

More details about geometrical aspects of design of 
domes can be found in [16], where St. Peters Basilica dome 
was analysed in details from this point of view. Even 
though it was made fifteen Centuries after Rome Pantheon, 
its dome is still a bit smaller (41.5 m). One can notice that 
both domes were surpassed by the Florence Cathedral's 
dome (44 m), but it was built of bricks in a different way. 
In modern times, only reinforced or prestressed concrete 
dome surpassed all of them, e.g. Hall No. 1 of the Belgrade 
Fair in Serbia, 1957, with the span 109 m, designed by 
Branko Zezelj, [17], proving the importance and domi-
nance of new materials and ingenuity of engineers who use 
them to reach new horizons in design and construction. 
 
2.3 Bridges from Wood, Stone and Concrete to Metallic 

Age 
 

Bridges are not only links between two banks, but also 
between different times and materials, i.e. between wood, 
stone, concrete, iron and steel. In any case, they are made 
and still being made to connect people and to some extend 
to show ingenuity of their builders and power of acting 
rulers. The first bridges were made of stone and wood, the 
simplest ones being wooden boulders placed over a stream. 
The oldest stone bridge still in use, [18], often called                
Caravan Bridge, dating from 850 BC, was built in Izmir, to 
cross River Meles, Fig. 5. One can see that the so-called 
Roman arch was actually used even before the Roman 
Empire.  

 

 
Figure 5 The oldest stone bridge in the world, Izmir, [13] 

 
Anyhow, it was the Trajan's bridge over Danube that 

made the history as the first bridge with significant span, 
since it connected banks of the lower Danube, Fig. 6, 
representing a remarkable achievement in the early II 
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century A. D. It was a Roman segmental arch bridge, total 
length 1135 m, one of the greatest achievements in Roman 
engineering, [19]. Apollodorus of Damascus, engineer in 
charge, used wooden arches with the span of 38 m, set on 
twenty brick masonry pillars, mortar, and pozzolana 
cement, [19-22]. It was built between years 103 and 105, 
using the wooden caisson for piers, Fig. 6. Later on, it was 
surpassed in length by the Constantine's Bridge, not a well-
known structure with total length 2,437 m, built also at the 
lower Danube, in the same way, using stone piers and 
wooden arches. In any case, wooden construction could not 
survive for a long time in a harsh environment and other 
detrimental influences, so both Roman bridges over 
Danube were destroyed before the end of the IV century. 
In both cases the driving force was a military one - to 
enable the conquest of Dacia. 

 

 

 
Figure 6 Trajan's bridge schematic presentation (top), remains of stone pier 

(bottom) 
 

 
Figure 7 Stone bridge in Mostar, [23] 

 
Another important achievement was from the XVI cen-

tury, when the old bridge in Mostar, Herzegovina, Fig. 7, 
was built by MimarHayruddin to replace a wooden bridge, 
[23-27]. Construction took place between 1557 and 1566, 
according to the inscription on the bridge. Other than that, 

nothing is preserved in writing. It is thought to have been 
made from mortar made with egg whites. It was the widest 
man-made arch in the world at the time, with the span 30 m. 

As for the structural integrity, it was not well explained 
until the early fifties of XX century. Namely, according to 
calculations previously made, the bridge structure was not 
capable of sustaining its own weight, so it was a bit of a 
mystery before young scientists, Aleksandar Vesic, from the 
University of Belgrade, proved in his D.Sc. thesis that the 
bridge was hollow and thus much lighter than previously 
thought, [28]. Nevertheless, to get longer span and larger 
bridges, the usage of metal, i.e. iron and steel was inevitable, 
as shown by the following example. 

The Iron Bridge, [29, 30], over the River Severn in 
Shropshire, England, Fig. 8a, was the first cast iron arch 
bridge, since cast iron was previously far too expensive to 
be used for structures like this. Once a new blast furnace 
nearby became operational, the cost was lowered                   
significantly and engineers were able to design a bridge 
using new material, as an important step forward in 
reaching much larger distances between two banks. It 
actually happened in the eight decade of the XVIII century, 
at the beginning of the Industrial revolution, when Thomas 
Pritchard made plans to use cast iron for the first time to 
build a bridge. According to his plans, Abraham Darby III, 
an ironmaster from Coalbrookdale, produced cast iron and 
built the bridge, to be opened on January 1st, 1781. One 
can say that man's ingenuity, driven by demands of a new 
era, set a necessary historical stage. 
 

 

 
Figure 8 The Iron Bridge (top), and cracked supports (bottom), [29] 
 
Only a few years after the construction, ground                 

movement initiated cracks in the masonry bridge 
abutments, Fig. 8b. Nowadays present cracks may date 
from this time, although some of them are probably casting 
cracks. Few of them were pinned with wrought iron straps, 
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while others are left free. By 1802, the southern stone 
abutment was replaced with wooden arches, and later on 
with iron arches. So, its integrity has been preserved with 
just a few repairs even though serious cracks appeared long 
time ago. 

Later on, one could witness spectacular constructions 
made of prestressed or reinforced concrete, or high quality 
steel, or both, with total length of over 100 km. 
 
2.4 Eiffel Tower 

 
The Eiffel Tower, Fig. 9, made of iron, and thus nick-

named "La dame de fer", is located on the Champ de Mars 
in Paris. It was built in 1889 as the entrance arch for the 
World Exhibition, being the highest constructed civil 
engineering object until 1930 with its 324 m height. It may 
sway in the wind up to 6-7 cm without jeopardizing its 
structural integrity. 

 

 
Figure 9 Eiffel Tower, "La dame de fer" 

 
Eiffel understood the importance of wind forces as the 

most critical loading for the tallest structure in the world at 
the time, so he said: "I hold that the curvature of the                
monument's four outer edges, which is as mathematical 
calculation dictated it should be. It will give a great 
impression of strength and beauty, for it will reveal to the 
eyes of the observer the boldness of the design as a whole", 
[31-33]. Eiffel explained his calculations, leading to an 
exponential shape, in two steps: (1) a base, standing on 4 
main pillars, bonded and extended with a lighter batter as 
the second floor, Fig. 9; (2) a tower firmly attached atop.  

The Tower is made of puddle iron, assembled using  
fabricated cast iron parts, including 16 truss supports. The 
puddle iron that makes up the Eiffel Tower's structure came 
from the Pompey forges, East of France. The iron plates and 
beams produced through the puddling process were then   
preassembled in the Eiffel factories in Levallois Perret using 

rivets. It was the time of the Industrial Revolution, when 
steam engines, circular saws, machine-cut nails and other 
new technologies, improved construction capabilities.  

Historical context is a bit similar to the previous one 
(bridges), reflecting man's ingenuity, but with a significant 
difference in its aim. Namely, bridges were a historical                  
necessity for a growing economy, whereas the Eiffel tower 
was aimed to impress the whole world with a technical 
achievement reflecting more the power of France than 
anything else. Actually, it was scheduled for disassembling 
in 1909, but fortunately it did not happen. Later on, it became 
an iconic image of Paris and France, attracting tourists at 
very large numbers and thus contributing significantly to the 
economy! 

 
2.5 "Race into the sky" - Empire State Building, Burj Khalifa 
 

The late 1920s were a period when the New York                   
economy was booming like never before. It was also the time 
of the second industrial revolution, with new technological 
achievements in the form of elevators and cranes, hot rivets, 
power tools and other equipment that enabled the construction 
of tall buildings, such as the Empire State Building, Fig. 10. 

 

 
Figure 10 Empire State Building  

 
Empire State Building was constructed in New York 

City, as a direct consequence of the race with the 40 Wall 
Street's Bank of Manhattan and Chrysler building to make 
as tall building as possible [34-36]. It was the first of a kind 
with the supporting structure made of steel, joined by bolt. 
Several important historical aspects were present, already 
mentioned competition of ambitious people and                  
corporations, and development of steel production and 
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joining technology.  In addition, economy was an important 
issue, but that was not a simple case, since the construction 
coincided with the Great Depression. Not surprisingly, a 
nickname "Empty State Building" was actual for 20 years, 
before the Empire State Building started making profit. 
Finally, power demonstration is obvious by the name itself, 
taken as the nickname of New York state. One should notice 
that steel was used as the support structure, if not for the first 
time, certainly one of the first and the most important at the 
time. Welding was yet to be introduced in engineering 
practice, so joining with hot bolts was used to connect 
bearing supporting elements. 

Other more recent new technologies and computer-
aided developments in design, materials and technology 
enabled the construction of Burj Khalifa (Fig. 11) in Dubai, 
[37-39], declared as being the "Tallest Building in the 
World" at its opening in 2010. With its 828 m, it is the 
highest construction ever built. The 280,000 m2 reinforced 
concrete construction is predominantly used for residential 
and office purpose, but also includes hotel and retail shops. 
The main task was to make an efficient building occupying 
as little ground space as possible, while maintaining the 
integrity of the initial design concept against strong winds. 

 

 
Figure 11 Burj Khalifa (828 m), [37] 

 
Ingenious design of Burj Khalifa included a tri-axial, 

"Y" shaped floor plan, formed by three individual wings 
connected to a central core. As the Tower rises, one wing 
at each tier sets back in a beautiful spiralling shape, further 
emphasizing its height. Anyhow, the main purpose of the 

spiralling "Y" shaped plan is to reduce wind forces on the 
Tower, as well as to keep the structure simple and to foster 
constructability. The result is extremely stiff construction, 
both in bending and torsion. One should also notice that the 
gravity load resisting system was used to maximize its role 
in resisting lateral loads.  

For the first time, the tubular system with steel              
supporting construction was used, as invented by Khan, 
[38-39], enabling construction with only half the amount 
of steel, compared to the Empire State Building. Khan's 
"tube     concept", using all the exterior wall perimeter 
structure of a building to simulate a thin-walled tube, 
revolutionized tall building design. 

Historical context is strongly related to the decision of 
the ruler of Dubai to overcome economy problems caused 
by the reduction of oil quantities by diversifying the 
economies and to give Dubai international recognition. 
The building was named after the ruler of Abu Dhabi and 
the President of the United Arab Emirates, Caliph bin 
Zayed Al Nahyan, who lent money to Dubai to pay the 
debts under construction. When construction began, the 
goal was set to construct the tallest building in the world 
with design in accordance with the regional Islamic archi-
tecture. At the same time, it is a commercial building with 
hotels, shops, restaurants, offices, residential areas.   

 
2.6 Aeronautical Engineering 
 

However tall, a building cannot reach the sky. To do 
so, one has to fly, which brings about different and equally 
challenging aspects of design and use of material. As a 
matter of fact, probably nothing else was such an                       
inspiration for engineers as to tackle aviation problems 
using new design approaches and new materials. The first 
attempt to make a passenger airplane with jet engines, back 
in fifties of XX century, the famous Comet series (Great 
Britain), was stopped due to several failures, [xx]. It was 
yet to be discovered that fatigue cracking was the major 
problem due to underestimated stress concentration. New 
methods were needed for calculation, so the Finite Element 
Method was introduced, [40], as well as extensive experi-
mental investigation of fatigue crack growth, providing the 
famous exponential equation, known as the Paris law, [41]. 
 

 
Figure 12 Airbus A380, the world’s largest passenger airliner, [42] 

 
In addition, new materials were used, equally strong, 

but much lighter than steel, starting with Aluminum alloys 
and more recently partly replaced by composites. As the 
result, the first Boing (USA) took over for decades and 
made the first jumbo jet in ever increasing race to handle 
more and more passengers, until Europe's Airbus launched 
A380, Fig. 12, about a decade ago, as the world's largest 
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passenger airliner, representing one of the finest 
achievements in the history of structural integrity. It was a 
long way to success, followed by occasional failures and 
extensive testing, [42-49]. Driving force was economy, but 
in this case, contrary to bridges that still need to be longer 
and longer, economy actually stopped further progress and 
even starts to jeopardize the existing achievement. So, the 
historical context in this case is definitely complex and 
even unpredictable.  

 
3 CONCLUSIONS 
 

Although structural integrity assessment is well 
defined, accepted and adopted for practical application, 
there are still regions in which its application is questionable 
due to shortage in knowledge and experience. Hence, the 
problem of structural integrity needs to be put in historical 
context in order to follow and predict its further 
development, since history often hides inspiration for new 
achievements. 

Historical aspects of presented structural integrity 
examples indicate that these extraordinary achievements are 
basically driven by the need to show the power or by eco-
nomy, or by both. In any case human ingenuity was needed 
to perform the task, often in accordance with the well-
known Latin saying: per aspera ad astra! 
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