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[bookmark: _Toc219117319]Abstract
The Tay bridge disaster of 1879 sent the Victorian engineering sector reeling in the wake of one of the worst tragedies ever experienced on British railways. The Board of Trade investigation found the bridge to be poorly built and put the final blame on the increased load on the supports on the strong wind on the night of the accident. Using contemporary forensic data and modern examination techniques, the disaster has been reevaluated several times in order to establish the true cause of the disaster so that future engineering projects don’t befall the same horrific fate. 
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I. [bookmark: _Toc219117320]Introduction
[bookmark: _Toc219117321]I.I. The Tay Bridge
The construction of a bridge to replace the train-ferry service across the river Tay was first discussed in 1854. The North British Railway Act, which granted general powers, including land acquisition and construction authority, to the North British Railway company which operated in Scotland, received royal assent in 1870 [1] and in 1871, the foundation stone of the bridge was laid. 

Designed by renowned railway engineer Sir Thomas Bouch, who had designed several bridges prior to the construction of the first bridge that spanned the river Tay, the bridge was primarily constructed using cast and wrought iron in a lattice-grid design, similar to other bridges built during the mid-Victorian era. In the original design, the main body of the bridge was to be supported by lattice girders founded upon brick piers resting on the bedrock of the river with non-rigid connectors placed between the supporting girders and the piers in order to accommodate thermal expansion. However, as construction progressed, it was found that the bedrock of the river lay too deep to be used as a foundation for the brick piers. Bouche then redesigned the bridge, so the piers were no longer resting on the solid bedrock of the river Tay but were instead constructed upon concrete-filled caissons resting on a gravel layer that was misidentified as bedrock [2]. The brickwork piers were also redesigned to reduce the weight bearing upon the caissons. This was done by replacing the brick piers with open lattice iron skeletons. These skeletons consisted of six cast-iron columns in a hexagonal arrangement to take the weight of the bridging girders. These columns were linked together with wrought-iron horizontal struts and diagonal tiebars to provide stability and rigidity. 

[image: Original_Tay_Bridge_before_the_1879_collapse]
[bookmark: _Toc219119425]Figure 1: Completed Tay Bridge

This design was not unusual contemporaneously speaking; it was quite common during the mid-Victorian period with Bouche using the same basic premise to construct the Belah Viaduct on the South Durham & Lancashire Union Railway line in 1860. The Tay bridge, however, was simpler, cheaper and more lightweight Bouche’s earlier projects.

Like all rail projects, the Tay bridge was subjected to a rigorous inspection by the Board of Trade before it was granted the ability to carry passenger trains which was carried out in February 1878. The bridge passed with the results deemed satisfactory. When observed with a theodolite, oscillation was slight and the bridge showed a good degree of stiffness when engines traversed the bridge at high speed [3]. Major-General Hutchinson did order some remedial work to be carried out and recommended a 25mph speed restriction over the bridge. Ironically, Hutchinson added in the inspection report to the Board of Trade that at some point he would like the opportunity to observe the bridge under load of traffic during high winds [4].

[bookmark: _Toc219117322]I.II. Catastrophic Failure
At 1915 on the 28th of December, 1879, the central spans of the bridge gave way, sending a train carrying 75 passengers plunged into the freezing waters of the river Tay. There were no survivors. It remains one of the worst rail disasters in British history, and the second worst rail disaster in Scottish history.

Immediately after the accident a court of inquiry was set up to determine why the bridge failed. The official report concluded that the bridge was poorly built, poorly maintained and that the overthrow of the bridge was caused by high wind pressure acting on the structure. Forensic investigation, contemporary and modern, has isolated the cast iron lugs on the supporting columns as the point of critical failure of the bridge.
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[bookmark: _Toc219119426]Figure 2: Collapsed Section of the Tay Bridge

II. [bookmark: _Toc219117323]Material and Failure Modes
[bookmark: _Toc219117324]II.I. Cast Iron Structural Components
Cast iron was used for the bridge’s crucial structural components such as the lugs, and structural columns as was common practice. Cast iron offers increased resistance to plastic deformation and high performance under compressive loads compared to wrought iron, which is more ductile, and is therefore a more suitable load-bearing material. This is due to the formation graphite flakes within the microstructure of the material due to the relatively high carbon content of cast iron. The ductile and tensile properties of cast iron can be altered and enhanced by the introduction of alloyants such as silicone and molybdenum. 

Tensile strength and ductility describe the way a material behaves under load relating to the failure of the material. The tensile strength of a material is the maximum stress a material can undergo before catastrophic failure. Ductility, on the other hand is the ability of a material to experience plastic deformation before fracture.

[image: Describe the stress-strain curve between brittle and flexible materials ...]
[bookmark: _Toc219119427]Figure 3: Failure points of exemplar brittle and ductile materials

The type of cast iron used in the construction of the Tay bridge was grey iron, also referred to as grey cast iron, and was the most common form of cast iron available at the time. Grey iron is characterised by its graphite microstructure which causes fractures in the material to be grey in appearance; hence ‘grey iron’. This also gives grey iron a compressive strength equivalent to low and medium-carbon steel, but a relatively poor tensile strength, making it very brittle, causing cracks to propagate rapidly [5]. 

This was something undoubtedly known to Bouche as he used wrought iron straps in the design of his other bridges [6]. Wrought iron, with its ductile properties is a much more suitable material to withstand the stresses and strains associated with securely fastening structural components without undergoing catastrophic failure. 

[bookmark: _Toc219117325]II.II. Cast Iron Lugs
The six cast iron structural columns that supported the bridge were fastened to the piers using large cast iron lugs. Cast iron lugs also secured the horizontal cross sections and diagonal tiebars together, giving the bridge rigidity and strength. Due to the design of the lugs, the tensile stress carried by the lugs concentrated at the bolt holes, creating weak points in the design of the bridge due to the low fracture toughness of the cast iron used to create the lugs.

[image: ]
[bookmark: _Toc219119428]Figure 4: Line Drawing of Cast Iron Lug Used in the Tay Bridge

During the investigation it was found that the ends of these lugs, along with fastening nuts and bolts, were strewn across multiple pier floors and recovered sections of the bridge used in forensic investigation for the Board of Trade report showed lugs broken along the tapered bolt holes.

[image: ]
[bookmark: _Toc219119429]Figure 5: Broken Lug on Upper Section of the Supporting Tower

[bookmark: _Toc219117326]II.II.I. Failure Modes of Cast Iron Lugs
After the disaster, recovery teams began recovering fallen sections of the bridge as well as examining parts of the bridge that were left standing. Interestingly, only the section of the bridge that comprised of high girders collapsed during the accident. The board of inquiry, suspicious that blame lay with the lugs, specifically the lower lugs on the supporting columns, turned to Sir David Kirkaldy, a well renowned engineer who operated one of the first commercial facilities capable of carrying out high-load mechanical testing. 

Kirkaldy carried out strenuous destructive testing on the recovered sections of the bridge, and support towers left intact as well as sections that supported the high girders, at the behest of the Board of Trade’s Board of Inquiry. After a series of destructive tensile tests on the wrought iron tierbars and their connecting cast iron lugs using a hydraulic tensometer, the assemblies underwent catastrophic failure at approximately 20 tonnes loading, as opposed to the specified 60 tonnes for the construction of the bridge [7]. This represented a critical mechanical flaw in the bridge’s construction as the component responsible for resisting the tensile stress concentrations of the bridge’s supporting struts failed at around one third of it’s specification. What was confirmed was the source of failure being isolated the cast iron lugs. In Kirkaldy’s tests the wrought iron tiebars and supporting struts never failed under tensile load due to their superior tensile properties. The precise location of the fractures was also noted by Kirkaldy; these primarily occurred at the holes on the lugs where the fastening bolts were fitted.

Stress concentration on components, such as the cast iron lugs used to secure the skeleton structure that supported the Tay bridge, occurs when the flow of internal stress within a material is interrupted by geometric irregularities. This can cause a great del of stress to build up around these parts. Areas of high concentration can arise due to various factors such as impurities during the casting process creating irregularities withing the lattice microstructure of the metal, geometric discontinuities such as internal holes or corners, as was the case with the iron lugs, as well as damage induced cracks and tears in the material, creating sharp corners for internal stress to concentrate around.

Stress concentration results in the local tensile stress on the material being much higher than the nominal stress the material is under. This can result in the local stress being greater than what the material is capable of withstanding, leading to failure at the region of high internal stress. This can lead to cracking which in turn creates more geometric irregularities where stress can concentrate until the material completely gives way and fractures under enormous internal stresses. This can be seen in Figure 5 with the iron lugs used to secure the structural skeleton of the Tay bridge. The lug has suffered a fracture cleanly through the hole used to insert securing bolts. Small cracks built up around this area until the internal stress was great enough to cause a catastrophic failure and sunder the lug entirely. By removing one of the lugs in the structure, a greater nominal stress would be put on the adjacent lugs, thereby greatly increasing the local internal stress which would eventually lead to the collapse of the entire support structure. 

III. [bookmark: _Toc219117327]Failure Prevention
[bookmark: _Toc219117328]III.I. Quality of Material
The quality of Victorian cast iron was far inferior to modern casting. In the days of yore, there were no standard process of quality control which resulted in varying qualities of castings. Gas porosity, shrinkage cavities and casting imperfections were relatively common which caused geometric irregularities at a macro and micro scale, causing areas of heightened local stress. By successfully controlling the smelting, casting and annealing processes, imperfections and impurities can be reduced which improves the materials ability to spread the nominal applied stresses more evenly within the material, avoiding regions of high local stress.

In the modern era, a better understanding of material chemistry has allowed for the creation of various forms of cast iron. Unlike the Victorian grey iron that was most commonly used, modern cast iron is alloyed with other materials to improve its low ductility and reduce the likeliness of cracking. Modern nodular, or ductile, cast iron is a mix of carbon (3 – 4%), silicone (1.8 – 2.8%), magnesium (0.02 – 0.1%) and minute quantities of cerium (0.02 – 0.04%) which is added to slow the growth of graphite precipitates. This gives nodular cast iron superior ductile properties when compared to mild steel and removes the graphite flakes which are responsible for the creating areas of high internal stress due to irregularities within the structure of the material.

[bookmark: _Toc219117329]III.II. Correct Application of Material
Cast iron has good quality compressive properties, making it suitable for bearing compressive loads. It is therefore a good choice when manufacturing vertical supports and other applications where compressive strength is more desirable than tensile strength or ductility. Cast iron should not have been used to make the iron lugs or the fastening bolts on the Tay bridge as these parts were subject to heavy tensile and cyclic loading which should have instead been out of more ductile materials such as wrought iron, as was used by Bouche in his previous bridge and viaduct projects.

[bookmark: _Toc219117330]III.III. Inspection of Materials
During the Victorian era, inspection of cast part was very rudimentary, often just comprising of a visual inspection for any large cracks, fissures or material abnormalities. The internal structure and overall strength of materials were not verified. Destructive testing was done infrequently and there was no real way of knowing the internal strength of a component once it had been cast. 

Modern techniques for non-destructive testing include the use of X-rays and computed tomography (CT) scans to examine the internal constitution of the material in order to check the internal porosity and structural integrity of the finished product. For larger parts, too deep for X-rays to be effective, Ultrasonic scans can be used to penetrate deeper into the material to inspect larger casts.

Internal defects that can act as crack initiators were not picked up by the Victorian smelters and casters due to the fact they had no real way of testing the integrity of materials beyond conducting lots of destructive break tests. With modern technology, however, surface and near surface cracks can be identified using Magnetic Particle Inspection (MPI). MPI uses magnetised particles to visually identify surface and near surface cracks from magnetic field leakage that occurs at the site of a geometric flaw. It is a quick and efficient method of identifying cracks and fissures in ferromagnetic materials. However, it can only be used to conduct testing on ferromagnetic materials, such as steel and iron. Other metals such as copper, tin and aluminium are not ferromagnetic and are not suitable to conduct MPI on.

IV. [bookmark: _Toc219117331]Recommendations
The most glaring flaw with the Tay bridge design was the use of brittle cast iron in the lugs that held the supporting skeleton together on the piers. In no previous design by Bouche were cast iron lugs used, instead, wrought iron bands were used to bind the structure together. These other bridges built by Bouche, such as the Belah Viaduct, stood the test of time before being demolished by the British government at the hight of the Beeching Axes. Wrought iron is a much more suitable material for the connexions as it has good ductile properties which are needed to withstand the lateral and cyclic tension exerted upon it by the oscillations of the bridge under traffic.

The use of fastening bands instead of lugs would also be recommended to improve the structural constitution of the support skeletons. The cast iron lugs had eight holes tapered into them in order to accommodate the bolts used to fit the lugs together. However, as previously discussed, this creates several areas of increased local stress which is not ideal considering the vitality of the lugs. Fastening bands, therefore, would be better suited to holding a bridge together as the are more structurally sound

V. [bookmark: _Toc219117332]Conclusion
In conclusion, the failure of the Tay bridge that resulted in the tragic deaths of 75 people was caused by the cast iron lugs that held the supporting skeletons together and secured them to the concrete piers. This was due to the poor quality of the cast iron used to make the lugs and the fact that cast iron is an unsuitable material to manufacture lugs from due to its poor ductile properties. The lugs were also critically weak around the tapered holes to accommodate the securing bolts as photographic evidence shows the lugs experienced catastrophic fractures along where the holes were. It is recommended to instead use wrought iron fastening bands, such as those used in the design and construction of the Belah Viaduct as wrought iron is more ductile than cast iron, improving its resistance to catastrophic fractures. Fastening bands would also be an improvement over the lugs due to their superior structural integrity.
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